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ABSTRACT 


An  Integrated  System  of  Terrain  Analysis 
and  Slope  Happing 

A  system  is  described  which  (a)  replaces  existing  sets  of  diverse 
terrain  indices  with  an  integrated  group  of  statistics  for  process-relevant 
point  characteristics;  (b)  calculates  all  these  statistics  in  a  single 
computer  run  from  a  single  data  set,  thus  achieving  practical  as  well  as 
conceptual  simplicity;  and  (c)  utilises  altitude  matrix  data  which  is  now- 
becoming  available  as  a  by-product  of  photogramme tr ic  automation,  thus 
reducing  the  cost  of  data  acquisition.  Tie  system  is  applicable  to 
altitude  matrix  data  at  any  horizontal  resolution  (grid  mesh). 

From  altitudes  in  each  3x3  submatrix,  a  quadratic  surface  is  fitted 
and  solved  for  its  first  and  second  horizontal  and  vertical  derivatives  at 
the  central  point.  This  yields,  in  addition  to  altitude,  the  slope  gradient 
and  aspect,  profile  convexity  and  plan  convexity  at  e'-ery  point  in  the 
original  matrix,  except  for  the  peripheral  row  and  column  on  each  side.  Each 
of  these  five  characteristics  has  an  important  influence  on  geomorphic  processes 
and  human  activities,  and  is  encountered  in  deductive  modelling  of  slope 
development . 

These  ’point’  characteristics  are  presented  as  (i)  line-printer  shaded 
maps,  with  the  option  of  graph  plotter  contour  maps  in  addition;  (ii)  histograms; 
(iii)  scatter  plots  of  each  pair;  (iv)  matrix  of  pairwise  correlations,  plus 
circular  regressions  on  aspect  and  several  multiple  regressions;  and  (v) 
summary  (moment-based)  statistics.  (iii)  and  (iv)  show  up  any  unusual  local 
characteristics,  but  confirm  that  in  general  the  five  basic  characteristics 
have  little  relation  to  each  other,  except  that  gradient  is  usually  a  quadratic 
function  of  altitude.  It  is  suggested  that  previously  used  geomorphic  indices 
can  be  expressed  in  terms  of  one  or  several  of  the  statistics  (v),  and  that 
this  routine  analysis  of  an  altitude  matrix  is  of  considerable  practical  as 
well  as  geomorpho logic  value. 

—  iii  — 


A  comparison  is  made  with  other  approaches,  such  as  spectral  analysis 
and  fractal  modelling.  The  long-distance  persistence  properties  of  terrain 
mean  that  considerable  extra  variance  at  long  wavelengths  is  usually 
incorporated  when  the  study  area  is  extended.  Hence,  for  example,  the 
autocorrelation  function  varies  with  the  length  of  series  or  size  of  area 
studied.  Variances  of  derivatives  are  also  affected,  but  means,  skews  and 
kurtoses  art  not:  derivatives  are  more  sensitive  to  grid  mesh  than  to  size 
of  area. 

The  statistics  proposed  are  replicable  in  respect  of  different  grid 
ine idences,  except  that  higher  moments  of  convexity  (especially  in  plan) 
are  unstable  because  of  long  tails  of  extreme  values.  A  grid  mesh  of 
loom  is  useful  for  glaciated  mountains,  but  2 ‘in  or  finer  is  desirable  for 
many  areas.  Areas  of  less  than  5  x  5  km  may  he  too  small  to  provide 
replicable  estimates  of  the  land  surface  properties  of  a  broader  region. 
Results  from  eight  ratrices  are  presented.  Three  of  these  are  from 
glaciated  mountains,  which  are  characterized  by  high  mean  and  variability 
of  gradient,  high  variability  of  altitude,  positive  skew  of  profile 
convexity  ar.d  an  excess  of  strong  positive  plan  convexities. 
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Chapter  One 


AIMS 

This  is  the  final  report  on  a  project  to  implement  and  evaluate  techniques 
for  the  statistical  charac ter i zat ion  of  altitude  matrices  by  computer.  Project 
objectives  were  to  improve,  integrate,  automate  and  evaluate  techniques  for  summarisation 
and  portrayal  of  land  surface  characteristics.  The  choice  of  altitude  matrices  as  the 
most  appropriate  form  of  data  for  input  to  an  automated  system  is  defended  here  in 
section  (2c).  A  program  package  was  to  be  developed  to  process  altitude  matrices 
and  supply  maps,  graphs  and  statistics  for  the  vertical  and  horizontal  derivatives 
of  the  altitude  surface  and  for  their  interrelationships.  Graphic  portrayal,  mainly 
as  histograms  and  area-shaded  maps,  was  considered  an  important  complement  to  numerical 
summary 

Land  surface  was  to  be  characterized  by  quantitative  descriptors  applicable  to 
terrains  of  any  origin,  regardless  of  the  specific  forms  such  as  channels,  taluses, 
dunes  or  drumlins  which  might  be  present;  in  this  way,  diverse  terrains  might  be 
compared  The  project  thus  fell  entirely  within  the  field  of  general  geonUphometry 
(Evans,  1972),  analysing  the  land  surface  as  an  example  of  a  continuous,  rough  surface 
in  terms  of  attributes  at  a  sample  of  points  or  arbitrary  areas.  Compared  with 
specific  geomorphometry,  general  geomorphometry  completely  avoids  problems  of  landform 
definition  and  delimitation  (Evans,  1974:  Evans  and  Cox,  1974),  so  that  subjectivity 
and  operator  variance  can  be  reduced  drastically.  The  main  problem  is  the  dependence 
of  general  geomorphomet ric  results  upon  data  resolution,  and  this  also  was  to  be 
investigated  together  with  the  possibility  of  standardisation  in  grid  mesh  and  size  of 
study  area.  Mere  explicit  investigation  of  spatial  scale  by  two-dimensional  spectral 
analysis  was  proposed;  this  was  considered  in  the  first  three  Reports  and  is  touched 
on  only  briefly  in  thu  Report 

This  was  a  basic  research  project,  but  the  resulting  system  for  geomorphometr ic 
description  and  analysis  is  intended  to  be  valuable  for: 

(i)  comparison  (ordination  and/or  classification)  of  different  terrains,  suggesting 

differences  in  form  which  require  explanation; 


(ii)  background  data  for  military  and  civil  engineering  studies  concerned  with 
traff icability,  construction,  irrigation,  drainage  and  erosion  hazard; 

(lii)  data  for  studies  of  climate,  soil,  vegetation  and  farming,  including  comparison 
of  farms  and  assessment  of  land  potential; 

(iv)  ground  truth  data  for  studies  of  terrain  by  remote  sensing,  e  g.  radar; 

(v)  routing  of  terrain-following  aircraft  and  missiles; 

(vi)  statistical  studies  of  intervisibility  in  targeting  and  telecommunications; 

(vii)  demonstrating  the  extent  to  which  sites  selected  for  detailed  geomorphologic 
study  (eg.  process  measurements)  are  representative  of  a  study  area  or  of  a 
certain  subset  of  slopes  which  comprise  the  target  population; 

(viii)  demonstrating  how  representative  a  study  area  is  of  a  broader  region  to  which 
extension  of  conclusions  is  desired; 

(ix)  expressing  the  areal  importance  of  a  target  population  (e  g.  'straight  slopes') 
selected  for  detailed  study, 

(x)  predicting  process  rates  and  discharges  from  their  relationships  to  attributes 
of  land  surface  form; 

(xi)  providing  data  for  input  to  empirical  models  simulating  landform  development, 
e.g.  slope  erosion  or  glacial  erosion; 

(xii)  showing  the  presence  and  importance  of  various  combinations  of  surface 
attributes,  which  may  be  relevant  to  predictions  from  theoretical  models; 

(xiii)  monitoring  the  quality  of  altitude  data 

Commitment  to  this  project  implied  that  previous  approaches  were  not  entirely 
satisfactory  in  relation  to  these  goals.  Their  main  problems  were  lack  of  clarity 
in  defining  separate  attributes,  clumsiness  in  data  generation  and  processing,  and 
lack  of  integration  Review  of  previous  approaches  (Evans,  1972)  prompted 
consideration  of  a  number  of  desiderata  for  the  new  system: 

(a)  each  point  on  the  land  surface  (or  at  least,  its  mapped  representation)  should 
have  an  equal  probability  of  being  considered,  with  no  bias  related  to  local 
surface  properties; 

(b)  the  distribution  of  data  points  should  be  systematic,  to  provide  even  coverage; 


(c)  the  spatial  scale  at  which  properties  are  measured  and  the  units  of  measurement 
should  be  recognized  explicitly,  without  generation  of  'dimensionless'  ratios 
based  on  variable  denominators  (Mosimann,  1970;  Chayes,  1971); 

(d)  calculations  should  be  based  on  data  sources  likely  to  be  widely  available, 
without  special  data  capture  operations; 

(e)  properties  should  be  capable  ot  rapid  and  inexpensive  determination; 

(f)  the  properties  defined  should  not  simply  be  descriptive  indices;  they  should 
have  real  functional  meaning  in  terms  of  land  surface  processes  and  operations; 

tg)  underlying  concepts  should  be  simple  and  the  properties  defined  should  not  be 
capable  of  sub-division; 

(h)  each  property  should  be  clearly  separated  from  the  others  and  each  statistic 
should  convey  distinct  information, 

(i)  it  is  therefore  likely  that  multiple  descriptors  will  be  required,  recognizing 
the  multivariate  complexity  of  the  real  land  surface; 

(j)  concepts  and  statistics  should  be  robust  to  the  complexities  of  nature,  eg. 
the  non-s ta t ionar 1 ty  of  the  real  land  surface; 

(k)  the  basic  concepts  should  fit  together  to  form  an  integrated  system,  not  a 
list  of  unrelated  ad  hoc  definitions; 

(l)  d e termination  of  the  properties  and  statistics  should  also  be  integrated ,  for 
efficiency  and  clarity 

It  is  maintained  that  the  'integrated  system  of  terrain  analysis  and  slope 
mapping'  defined,  exemplified  and  evaluated  here  fulfils  the  essentials  of  these 
twelve  desiderata  and  that  most  of  the  aims  of  the  project  have  been  achieved.  It 
would  of  course  be  desirable  to  collect  further  evidence,  and  the  eight  matrices 
discussed  in  this  report  form  a  data  base  which,  while  voluminous,  is  slim  in  relation 
to  the  ambitions  of  the  project  :  nevertheless,  a  considerable  amount  of  exemplification 
and  evaluation  has  been  achieved  and  it  is  now  possible  to  provide  a  preliminary 
assessment  of  the  system  together  with  a  full  statement  of  the  operations  involved. 

This  permits  consideration  of  the  direction  which  further  research  might  fruitfully 
take . 

This  project,  then,  has  provided  a  fully  automated,  integrated  system  for 


calculating  the  distinct  properties  of  surface  geometry  in  each  small  neighbourhood, 
and  for  summarising,  mapping  and  interrelating  these  within  an  area,  thus  permitting 
effective  comparison  of  different  areas.  There  are  many  applications  for  such  a 
system. 
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lpvcr  Two 

THE  BASIC  PROPERTIES  OF  LAND  FORM 
(,2a)  Altitude  and  its  derivatives,  slope  and  convexity 

In  any  scientific  discipline,  it  is  essential  first  to  define  the  basic 
terms  and  then  to  observe  r e . a t lonsh 1 ps  between  the  tunaamental  variables.  No 
soph i s t i ca t ion  of  methodology,  no  .ast  accumulation  of  data  can  compensate  for 
poorly  det  med  variables  and  obscure  concepts  1  ’Como : phc . c  g i s  t  s  attempt  to 
understand  the  form  o:  the  land  sur:ace,  mainly  in  relation  to  processes  and 
materials:  her.ce  the  terms  in  which  that  torn  is  conceived  are  of  fundamental 
importance.  What  attributes  of  form  are  of  greatest  relevance  to  surface 
processes  and  man's  activities.’ 

Here  we  are  concerned  with  definitions  of  surface  form  which  are  of 
genera  1  relevance  -  in  fluvial,  giacia.  ,  crvonival ,  eclian,  coasta. ,  submarine 
and  even  lunar  and  martian  environments.  We  need  techniques  to  measure  these 
attributes  efficiently,  and  to  express  their  inter-relationships  simply  and 
clearly.  This  study  is  termed  'general  gcemorphometry'  while  the  term  'specific 
geomorphor.ct ry '  is  applied  to  analyses  of  land forms  specific  to  one  or  more  of 
these  environments. 

The  surface  which  is  tc  be  analysed  is  defined  by  deviation  from  the 
equ  lpoter.t :  al  surface  of  sea  level.  The  latter  is  approximately  an  oblate  spheroid, 

but  since  at  any  one  time  we  are  usually  concerned  with  small  parts  of  it,  the 

equipotential  surface  will  be  treated  as  a  flat  plane  on  which  position  is  defined  by 
the  cartesian  coordinates  (x,y).  Deviations  (?)  are  measured  at  right  angles  to  the 
equipotential  surface.  A  very  desirable  simplification  is  that  the  surface  should  be 

' s ingl e-valued ' ,  with  one  and  only  one  value  of  ?  for  each  position  (x,y):  thus  we 

leave  cave  and  tunnel  forms,  and  overhangs,  to  be  considered  by  specific  geomorphometry. 
Despite  the  resulting  vertical  cliffs,  the  land  surface  will  be  treated  as  continuous. 
Unlike  sore  theoretical  surfaces,  it  is  one-sided. 

The  value  f  is  known  as  the  a  1 1 1 tude  of  the  land  surface,  and  obviously  it  must 
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surfa.e  tangent  t_  the  surfa  e  at  that  point  Gradient  is  one  su  h  property:  but  this 
slope  is  a  e  to:  ar.d  a  se.cnd  pi.peiiy  is  requited  t.  spe.itv  si.pe  completely  This 
se  ::c  property  .s  aspe .  t ,  the  dnc.t.  r.  in  which  a  Sri  tior.-t  .til  starting  r  - 
rest  v,  u 1 d  move  d.  vn  the  surface.  Aspect  is  expressed  either  as  a  point  of  the  cc: pass 
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The  ter-  'gradient'  is  ''iter,  reset  ed  tor  the  tangent  of  angle,  with  'slope  angle' 
-sed  for  lent,  however,  it  sirs  ur.ne  essary  t.  ha  e  different  words  for  the 

Sd*e  att.r  .e  expresse-i  p.  .  .ties  w!  .  1  •  .1  c  simple  n>.:notone  relations  to  ea<  h  other 
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0  o 

-  1J5  ,  vest  .  .  note  that  the  .attei  scale  ot  measurement  is 

circular,  its  end  (.'b'.'1';  is  identica.  to  its  beginning  (,  J)  since  this  dividing  point 
:s  arbitrary  As  a  purely  abstract  property  :  a  nathematically-def ined  tangent  plane, 
aspect  rr.av  appear  unimportant  -  much  less  ir.portant  than  altitude  and  gradient  -  but 
on  the  oblate  soheroidc!  the  leal  world  aspect  stales  with  gradient  control  ot  the 
incidence  ot  directional  agents,  above  a.,  wind  and  solas  radiation 

Aspect  cannot  be  viewed  independently  ot  gradient:  it  gradient  is  zero,  aspect 
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outward  orientation  and  gradient  :r.  .matter.  :  this  pole  an  be  represented  by 
a  plot  m  polar  coordinates,  with  cere  gradient  at  the  centre  Chapman,  1 0  5  2  >  For  a 
gc emorpho .ogi st ,  definition  t  the  plane  :  slope  by  gradient  and  aspect  is  mere  tangible 
and  more  attractive  than  an  alternative  suds  as  the  coefficients  a  and  h  c!  the  plane 
surfa-.e  equation  ?  *  ax  ♦  by  *  ,  where  a  and  b  arc  the  '’tangent!  apparent  gradients 

m  two  directi.ns  at  rightang.es  t.  each  other. 

Gradient  and  aspe.t  aic  the  two  components  the  first  spatial  derivative  of  the 
.and  surface,  relating  to  the  vertical  and  the  horizontal  respectively  Their  interrelated 
importance  naturally  prompts  the  question:  arc  further  ' hi gher-erdar )  derivatives  of  the 
surface  of  any  interest  to  geomorphologists  1  The  answer  sc  far  is  -  yes,  the  second 
derivative  of  the  surface  has  very  often  beer,  invoked  Although  Tricart  (19-7;  def  ined 
an  'Index  of  symmetry  of  cur.ature  which  ief.e  ts  a  third  vertical  derivative,  there 
is  as  yet  no  geommphe  logi  t  inter  pr  etat  icn  for  third  and  higher  derivatives 

The  second  derivative  f  a  surfa  e  is  its  curvature,  commonly  described  by 
geor/.orpnol  gists  as  convexity'  and  'concavity  'Fortunately  all  three  words  may  be 
abbreviated  to  ' c ' ) .  It  is  convenient  to  measure  convexity  as  positive  and  concavity 
as  negative  r.  the  same  s^ale,  so  the  use  cl  the  term  convexi ty ,  adopted  here,  conveys 
the  meaning  of  the  sign  convention,  concavity  is  negative  convexity.  This  sign  convention 
follows  Yeung  19',.;  and  many  otheis,  but  is  contraty  to  that  of  Troeh  (1965)  and 
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Convexity  is  the  iate  o:  change  of  slope,  but  we  have  seen  that  slope  is  a  vector 
-;th  two  components,  gradient  ano  aspect.  It  is  useful  to  recognize  the  two  corresponding 
components  c:  exits.  The  rale  of  change  of  gradient  is  known  as  profile  convexity 

'prof c  ’ ) :  this  accelerates  tor  decelerates)  fluxes  . f  water  and  sediment,  and  affects 
the  stress  distribution  both  in  the  rock  and  in  any  snow  or  ice  cover  (convexities 
a:  e  more  liah.e  to  la.  lure  Convexity  and  or.oavity  cf  slopes  in  profile  figure 
•xttnaivel)  in  discusaions  o 1  slope  development  (Carson  and  Kirkby,  1972) .  The  concept 
relative  curvature'  as  defined  by  Ahneit  .s  net  helpful  because  it  masks 

tm.e  dimensionality  of  an  essential. v  s .  a  1  e-cependent  phenomenon,  as  does  Demrmen's 
1 9 ’ 3  definition  of  curvature  of  a  s.ope  pi  f..e  Neither  of  these  were  tested  with 
real  data. 

Kate  of  change  .1  aspect  is  kr.  -r.  as  p.av.  convexity  ('plane'  and  can  be  thought  cl 
as  entour  curvature.  Although  many  field  an.c  theoreli.al  studies  of  slopes  have,  for 
onvenier.ee,  excluded  this  factor  and  .  nsidered  s . . p«.  pr  files,  or  confined  attention 
to  slopes  'straight  m  plan  ,  a  number  of  aul:.  : s  such  as  Sparks  (19t  ,  p.b*-66)  have 
insisted  or.  the  importance  of  the  t.ird  dimension  controlling  divergence  (in  convexities) 
ano  convergence  in  concavities  >  '-ate:  flow  and  sediment  flux.  Plan  convexity,  then, 
is  essential  to  a  full  expression  of  .and  surface  form. 

Although  both,  c.m.pcnents  f  convexity  an.  be  variously  expressed,  it  is  convenient 
t  retain  the  convention  o:  „ng  ■  19.  ,  19'-.  who  used  degrees  per  100  r.  for  both: 

this  gives  r.umrers  ■:  .  on  cer.:  ent  magnitude .  For  some  purposes  (e.g.  topographic  shelter 

.t  may  -e  usefu.  to  .  mhir.e  the  two  .  -poner.ts.  Since  they  are  in  the  same  units  (and 

o 

tl  e  maxim--  feasible  change  at  a  point  is  lb-  .r.  either  gradient  or  aspect),  plane  and 
profc  c  uld  be  added  together;  plane,  however,  tends  to  be  of  much  greater  magnitude. 
Preferably,  altitude  at  a  point  may  be  related  to  average  altitude  at  a  fixed  distance 
Ivans,  19*1),  However,  it  is  more  often  necessary  to  separate  plan  and  profile 
. cmpor.ents  of  convexity  because  e*  their  different  effects  on  processes. 

The  basic  set  of  surface  properties  thus  defined  are  interrelated  in  derivation, 
vet  convey  distinct  ir.fc rmat icn  about  a  point  on  the  surface.  The  properties  are  altitude 
itself,  and  four  derivatives  of  the  surface  sc  defined.  The  origins  of  this  system  ere 
traced  by  Evans  (1972). 
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-  a  i  1  ii  1 1  s  tot  soil  s  t  il  i  <•  s  •  pe  t  1 1 1  1  !*•  H  i  rt  mi  A  (lit!  t  1  1  t*  7'  1  .  se,l  s  1  opt  a  rid  t  o  (  h 

l>es  '[  irv«  ■  ne  A  let  ol  veto  similar  ilci  nut  ions  »as  i  ridepeinloti  t  1  >  pro\  i  d<  I 
:  .  K  i  ho  l  1  i»7:i  )  with  his  application  of  f  i  r>  1  if  t  ho  or  \ 

H  k  i  rf  1  summarises  the  terms  defined  so  I  a  r  ,  r  fie  i  r  relationship  to  each 

’’her.  I  lie  i  r  .nits  a  ml  ’  tie  i  r  t  he  ore  t  l  a  1  r  antes 


(,2  b )  Importance  in  geomot  phoiogy ,  in  military  science  and  in  econoray 

These  live  properties  having  been  defined  as  basic  to  any  understanding  of 
land  surface  form,  fuller  illustration  of  their  pra^ti^al  importance  in  three  fields 
•-ill  now  be  attempted,  geomorphology,  military  science,  and  economy  Since  the  mechanisms 
involved  overlap  considerably,  the  three  fields  will  be  considered  simultaneously;  the 
five  properties  are  discussed  in  the  same  order  as  in  the  previous  section.  This  account 
is  a  brief  summary,  and  far  from  a  comprehensive  review 

A 1 1 :  t  ude  is  important  mainly  because  of  its  major  effect  on  climate  (baker,  19a..): 
although  rates  of  change  with  a.titude  'lapse  rates;  do  vary,  the  control  of  altitude  is 
so  strong  that  measurements  are  often  corrected  t.  a  standard  altitude'  such  as  sea  level. 
Thus  altitude  :s  often  discussed  as  the  major  variable  -ontr  ..ing  pressute,  temperature, 
wind  and  precipitation  Maaiishaw,  19o>,  Ste  inhauser  ,  .9b.',  W  .V  0.  ,  19 '3;  Flohn,  19  7a)  . 

The  .after  three  variar.es  have  very  important  geor.o r pho logi  implications  (Tricart  et  al., 
.9b.;  Shcbeg'.ova,  19"-  1  r.e  secondary  effe.ts  on  hydro. ogy  of  snow  (Veinar.  19*0)  and 

i-e  .'strem,  .9"-,  19','/  ^ar.nof  e  ignored  ir.  any  discussion  ol  spatial  variations  of 

g 1  a  ier  balance  Schytf.  1967,  Dugdale,  -9"-  The  effect  of  a.titude  or.  vegetation  is 

emphasised  by  Daubenmire  19  ,  .H.  rrar.r.  et  al  19  ; ,  Troll  19'.)  and  Ward!  e  '19'a), 

and  that  on  soils  by  Costin  et  al  .932.1. 

In  a  different  way,  relative  a.titude  above  a  base  level  cor.tr.  Is  the  potential 
er.ergv  of  running  water  anc  f  roc*  masses  Although  for  rock  masses  this  energy  is 
largely  theoretical,  the  probability  .f  being  dislodged  in  the  very  long-term,  does 
increase  with  altitude  The  rase  .eve  1'  for  most  lard  areas  is  sea  level,  but  for 
inland  drainage  basins  it  .s  the  altitude  of  their  1  west  point  and  this  fluctuates  with 
deposition  and  with  c  .iar.  erosion  Since  both  types  of  base  level  are  changed  by 
oniinuing  earth  movements,  and  sea  level  is  further  influenced  by  climatic  factors,  the 
.eng  term  influence  of  base  lave,  is  .ess  important  than  its  immediate  effect  on  the 
energy  expended  by  running  water  as  it  moves  to  base  level  A  numerical  simulation  by 
Leopold  and  I.angbein  196-  .  suggested  the  effect  of  vertical  (and  horizontal)  constraints 
on  the  development  of  river  .ong  profi.es 

The  etfe-t  of  altitude  on  man  has  long  been  of  interest  to  geographers  (Teat 1 1 e ,  1936) . 
"easurements  by  Staszewski  (1957)  show  the  great  concentration  of  mankind  at  lower  altitudes, 
even  allowing  tor  the  con  entration  of  land  area  at  such  altitudes.  56c  of  mankind  live 


below  200  r.  and  only  1  it  above  2cX’0m  Although  some  li  million  live  above  JOCK1  m, 
'-“.ese  are  almost  entire. y  within  the  Iropics  At  .eust  live  causal  lectors  are  involved 
i)  Higher  altitudes  aie  unhealthy  tor  man;  above  b200  m,  steady  deterioration  is 
sutteied  due  to  low  paitial  piessure  ot  inspired  oxygen  (Grover  197*;  Between 
3000  and  *000  m,  most  humans  can  acclimatise  unless  the  ascent  from  sea  level 
is  too  sudden  .  it  is  advisable  to  spend  a  tew  Cays  around  2800  m,  on  the  way 
up  Daily  work  output  is  reduced,  howevei ,  except  lot  those  born  and  raised  at 
such  altitudes,  the',  deve.op  an  athletic  build  Since  adverse  effects  are  slight 
tor  normal  humans  below  3000  n,  tms  *nnot  explain  man's  concentration  at  much 
lower  altitudes 

ill  In  middle  and  higher  latitudes,  .Irmatc  geneia.ly  oe terioiates  with  altitude 
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iiij  Earth  surli.e  pro. esses,  mainly  s.opt  and  lluvial  processes,  transport  lu.se  material 
trom  high  altitudes  and  deposit  it  lower,  ultimately  near  base  .e\el'  lier.ce 

high  altitude  soils  are  otter,  r  kv  while  better  soi.s  are  found  at  low  altitudes, 
again  t a. 'curing  agriculture 

iv;  Many  areas  were  settled  trom  the  sea,  or  by  maritime-criented  peop.es,  who  sett.ed 
t as  cal  areas  mote  dense. y 

"any  ot  the  great  industria.  cities  ot  the  last  few  centuries  have  gi own  as 
seaports,  generating  -arge  coastal  concentrations  of  population 

Erom  the  combination  ot  these  ti\e  distinct  effects,  it  is  not  surprising  that  the 
fcitionship  between  a.titude  and  population  distribution  is  a  complex  one,  varying  between 
reg:  ns  Nevertheless,  altitude  is  an  important  factor,  operating  mainly  indirectly  via 
.imate,  agriculture  or  position 

Altitude  has  more  important  direct  effects  cn  certain  of  man's  activities,  specially 
transport,  and  is  therefore  of  great  military  importance  Reduced  air  pressure  reduces 
the  efficiency  of  engines  and  therefote  maximum  speed  is  reduced  The  performance  of 

aitillery  is  also  affected,  fountain  ranges  are  barriers  for  light  aircraft  and 

helicopters,  and  passes  assume  considerable  importance  Moreover,  the  effect  of  altitude 
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on  climate  makes  dif rerent  clothing  and  different  rations  appropriate. 

dradier.t  is  important  throughout  geomot pho logy  and  almost  all  continuous 
models  ot  slope  development  include  a  gradient  term  The  downslope  component  of 
gravity  is  proportional  to  the  sine  ot  the  gradient,  and  this  is  a  factor  in  mass 
movement,  either  surticially  or  by  deep-seated  tailure  The  same  tactor  produces  a 
downs  lope  force  on  running  water,  with  trictiondi  turbulence,  this  controls  water 
velocity,  which  is  the  main  control  on  erosive  power  frictional  resistance,  on  the 
other  hand,  increases  with  trie  cosine  o:  gradient  Because  sine  and  cosine  sometimes 
combine,  e  g.  in  assessment  ot  the  safety  tactor  tor  surticial  mass  failure,  the 
tangent  of  gradient  enters  stability  equations  It  also  enters  directly  for  rates  of 
'lift  and  drop'  processes,  e  g  trost  reep  (Takeshita,  196  3;  and  finally,  it  is  often 
-sed  because  tor  the  modelling  c:  slopes  oe.cw  *0"  in  gradient,  tangent  is  a  reasonable 
approximation  to  sir*  Pur.ot  t  erosion  is  piopcrtionai  to  a  power  of  gradient  between 
L  .  3  5  and  2.00,  although  a  quadratic  le.ationship  is  som.etim.es  used  (Hudson,  1911  p  1 8-. , 
Soul*  and  Morgan,  19'  ;  and  further  work  is  required  to  specify  this  relationship 
properly;  tor  example,  zero  loss  should  be  predicted  tor  zero  gradient. 

•  radier.t  is  a  major  influence  on  agriculture  Kach  tvpe  ot  machinery,  or  type 
ot  draught  animal  used  in  ploughing,  has  a  limiting  angle  for  safe  working,  A  table 
was  provided  by  W  J  West  tor  Curtis  et  a.  .965,  p  2 8 )  showing  varied  limits,  with 
some  clustering  at  .  ,  but  tew  thresholds  are  abrupt,  see  also  Macgregor  (1957)  and 

Crofts  in  Cooke  and  Dccrnkamp,  .9'-,  p  361)  radier.t  has  an  especially  subtle 

intluen  e  on  the  design  of  irrigation  svsters  Th.ere  is  also  an  indirect  effect  via 

natural  drainage,  water!. gged  s  i.s  on  .  .-w  gradients  especially  at  low  altitudes)  may 
be  less  tra.ta'ue  than  veli-dxained  so:  .s  or.  moderate  gradients.  High,  gradients, 
however,  apart  fr  m  t.ei  r  >i  ulties,  encourage  over-rapid  drainage  and  loss  of 

soil,  further  deterring  agriculture 

The  simplicity  of  building  on  flat  land,  coupled  with  the  increasing  preference  of 
industry  and  retailing  f  r  horizontally  extensive  single-storey  layout, makes  flat  land 
a  valuable  resource  for  construction  This  use  can  usually  outbid  agriculture,  with 
its  preference  ~ften  for  the  same  land.  Conversely,  stci^r  hillsides  are  used  for  building 
when  there  is  pressure  from,  an  expanding  urban  area  (e  g  Oakland)  or  for  amenity  (c.g. 
around  Los  Angeles),  but  a  considerable  extra  cost  has  to  be  paid  either  on  extra  site 
investigation,  foundations  and  drainage,  or  by  later  catastrophic  events  (Le 1 ght on , 1 966. 
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19  e)  Gradient  was  the  only  land  form  variable  considered  in  a  review  of  planning  by 
Kiere:  (1967). 

The  effect  of  giadient  on  construction  of  lines  of  communication  reached  its 
peak  in  the  canal  age.  when  contours  were  often  followed  slavishly  It  remained  an 
important  ccnstta.nt  on  railway  construction,  high  grades  limiting  train  speed  and 
increasing  tunning  costs  Roads  for  routine  motor  vehicles  have  a  maximum  gradient 
or  some  1  in  3  (18  :  in  Britain,  Ordnance  Survey  maps  distinguish  hills  exceeding 

.  in  5  (11  31"  :  two  arrowheads)  or  1  in  (8.1^:  one  arrowhead),  which  are  hazards  for 
ailing  vehicles  Considerable  cut  and  till  is  performed  to  reduce  the  gradients  of 
modern  roads.  Of r -road  vehicles  also  have  limiting  gradients,  although  it  will  be 
argued  below  that  surface  curvatures  may  be  even  more  important. 

Slope  a spec t  affects  surface  processes  mainly  ”ia  mesociimate  (Evans  19'7b). 

This  often  influences  the  distribution  of  g.a^ial  and  nival  action  (Barry  and  var. 

Wie,  19'-;  and  of  soil  moisture  anc  runoff  ianosliding  is  often  concentrated  on 
the  moister  s.cpes  (Beaty,  .95b;  Curtis.  1971),  while  the  asymmetry  of  valley  slopes 
is  a  complex  and  still  controversial  field  (Melton,  1960;  Kennedy,  1976).  Mesoclimatic 
and  hydrologic  contrasts  between  aspects  are  often  apparent  in  soil  (Stepanov  196"1) 
and  vegetation,  and  the-,  affect  agriculture  distribution  and  productivity  in  comparable 
fashion  Peaftie,  19_'6  Effects  on  military  activity  are  mainly  indirect,  for  example, 
different  moisture  conditions  may  inf l.en.c  craff inability. 

The  erfe.t  of  curvature  has  less  often  been  considered:  nevertheless,  profile 

c c n v e x 1 1 v  appears  in  many  m.oce.s  for  the  development  of  erosional  slopes  over  time 

If  material  transport  is  proportional  only  to  tangent  (gradient),  lowering  will  be 

proportional  to  profile  convexity  expressed  as  rate  of  change  of  gradient.  Profile 
produces 

ccnvexitvAacceleration  of  movement.  Arnett  ( 1 9 ”  1 )  found  that,  near  Rrisbar.e,  convexity 
ad  an  effect  similar  to  increased  gradient,  in  reducing  soil  depth,  B  horizon  thickness, 
and  A  horizon  lay  content.  Brown  (1937)  suggested  that  profile  convexity  increased 
runoff  erosion,  as  d;  gradient,  slope  .ength,  relative  height  and  southeast  aspects. 

Souza  and  ’'organ  • 19'-  ,  suggested  that  emission  of  profile  convexity  accounted  for 
much  of  the  error  in  soil  loss  predictions. 

P.an  convexity,  on  tne  other  hand,  has  usually  been  excluded  from  models  of  slope 
development  on  the  grounds  that  its  inclusion  would  cause  intractable  complications. 
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Slope  analysts  otten  deline  their  target  population  as  'straight'  slopes,  though  the 

range  of  small  plan  convexities  to  be  included  is  not  stated  except  by  Young  ( 1 9 7 A : 

♦  c 

-  JO  100  rr.)  Since  straight  slopes  torn  a  minor  part  ol  many  landscapes,  this 
restriction  is  nose  unfortunate  and  reduces  the  relevance  o!  such  studies  to  a  level 
comparable  to  studies  ot  'perfect  competition1  by  economists,  such  simplifications 
ray  torn  essential  starting  points,  but  we  must  proceed  to  greater  realism 

The  qualitative  importance  ol  plan  convexity  in  controlling  the  convergence 
or  divergence  ot  surtaoe  t low  was  quantitied  by  Kirkby  ana  Chorlev  (1967)  In  1972 

Yeung  could  stil.  write  (p  1  7)  "no  measurements  o!  the  relation  between  plan 

.  >  rt)«  *  *  t .  p  i  o  \  <  1  *  <  l  :  \  Vos  1  ^  s  (  1  9  7  4  )  » 

curvature  and  the  rates  o:  surtact  pro. esses  are  available".  Moore  and  Thornes  (1976) 

\ 

included  plan  .or.. exit)  entcur  convergence  -divergence' )  in  their  modelling  ol 
topographic  controls  or.  transport  capacity  An  lmpoi tant  result  derived  by  Smith 
and  Brethertcn  >19  -j  was  that  on  plan  convexities,  nr.,  r  perturbations  would  be 
unstable,  while  on  concavities  they  might  ceve.cp  turther  into  gullies 

Since  mar.  tends  to  travel  hoi loenta.  ly  rather  than  along  slope  lines,  his 
construction  of  roads  ter.es  t.  oe  affected  by  curvature  in  plan  more  than  by  that  in 
profile  The  greater  the  :ieq-ency  of  extremes  of  positive  and  negative  curvature 
the  more  crenelated  the  contours),  the  greater  the  expense  of  cut  and  fill  to  produce 
a  road  of  acceptable  sinuosity  and  gradient  Plan  convexity  is  also  the  component  of 
surface  roughness  which  most  hinoe: s  overland  movement  a  steep  but  steady  gradient 
is  less  troublesome  thar.  a  rapid  a.ternation  of  reveised  slopes,  and  it  may  l'e 
passable  by  traversing 

There  are  some  respects  in  which  curvatures  in  pian  and  profile  work  together. 

Both  intluer.ee  the  stress  field  of  recks,  convexity  increases  stress  release  while 
concavity  increases  containment  The  result  is  that  profile  convexities  such  as 
mountain  shoulders  or  summits  are  mote  likely  t.  tail,  producing  subsidence  and 
sometimes  catastiephic  roex  ava.anohes  e  g  Turtle  Mountain,  Alberta).  A  model  study 
of  slope  failure  by  Stacey  (195)  showed  that  lncieasingly  sharp  plan  concavity  reduces 
the  volume  of  material  involved  Ot  course,  the  concentration  of  moisture  in 
concavities  encourages  failure  and  this  may  override  the  purely  geometric  effect. 


Both  types  of  concavity  may  provide  shelter  or  shade  from  wind  and  rain 
(Lee  and  Baumgartner  I960).  this  is  especially  important  in  glacier  balance  and 
in  the  distribution  of  snowpatcl.es  (Young,  1976).  The  last  remnants  of  ice,  and 
probably  also  the  first  glaciers  to  form  at  the  onset  of  a  glaciation,  are  in  sites 
ot  favourable  aspect  and  altitude  which  are  extremely  concave  in  both  plan  and 
profile.  Likewise,  combination  of  the  two  concavities  encourages  the  formation 
of  frost  hollows  (ueiger,  19659 .  Shelter  from  wind,  greater  persistence  of  snow, 
and  increased  frost  incidence  have  varied  effects  on  vegetation,  on  agriculture  and 
on  heating  requirements,  hence  the  relation  of  these  latter  to  concavities  varies 
between  regions. 

Concavity  is  also  an  extreme. y  important  control  on  intervisibility,  and  hence  on 
: adar  shelter.  Here,  as  in  other  shelter  effects,  concavity  at  various  scales  in 
the  surroundings  o:  a  point  is  involved 

The  preceding  summary  of  .and  form  geometry  effects  is  included  to 
illustrate  the  practical  importance  of  altitude  and  its  derivatives  Calculation 
of  their  values  provides  more  than  simply  a  characterization  of  the  lancsurface  in 
abstract  terms:  it  gives  a  set  of  numbers  each  of  which  has  a  tangible  reality  and 
its  cvn  significance  to  sui  :  ace  processes  and  to  mar.. 

Nevertheless,  it  cannot  be  clamed  that  these  values  of  any  point  on  a  surface 
are  the  only  surface  properties  of  such  relevance.  I  have  noted  the  importance  of 
broader  s  ales,  espe  laily  in  relation  to  concavity;  specific  calculations  of  'shelter1 
at  a  point  are  required  tot  specific  purposes  such  as  predicting  glacier  balance  or 
degree  of  radar  shelter  The  length  and  height  of  a  slope,  measured  along  a  slope 
line  from  divide  to  valley,  have  a  great  effect  on  surface  runoff  and  or.  the  stress 
field  within  a  siope,  and  cannot  be  ignored  in  the  study  of  soil  erosion,  landslides 
and  avalanches.  They  are  excluded  from  the  present  approach  because  their  calculation 
involves  threading  routes  through  the  neighbourhood  of  each  point,  sometimes  to  a 
considerable  distance;  this  is  a  different  type  of  computing  to  that  needed  for 
local  derivatives.  The  relevance  of  slope  profiles,  though  broad,  is  not  quite  so 
universal  as  that  of  altitude  and  its  derivatives;  in  eolian  landscapes,  for  example, 
their  importance  is  reduced. 


(2c)  Data  sources,  sampling  and  accui acy 

The  efficiency  and  value  of  a  certain  analysis  system  is  largely  dependent 
upon  the  data  which  it  can  use  Technical  developments  are  continuously  changing 
the  opportunities  available  and  the  relative  merits  of  different  data  sources,  so 
it  is  unwise  to  torn  a  dogmatic  notion  of  their  value  In  Figure  2  the  current  three  main 
data  sources  are  recognised  Even  though  air  photos  are  taken  'in  the  field'  and  require 
ground  control,  ar.d  topographic  maps  are  based  in  varying  proportion  on  air  photos  and  on 
field  observation,  it  is  useful  to  distinguish  these  three  sources  of  data  since  they 
have  different  implications  for  the  next  stage  of  processing 

Terrain  information  .ar.  be  extracted  from  these  sources  either  manually  or 
automatically  .Vandal  methods  invoice  the  measurement  of  profiles  or  point  values,  or 
the  mapping  of  facets  .  any  of  these  prc_edures  can  be  performed  by  use  of  surveying 
instruments  in  the  field,  by  use  of  photogrameietnc  plotting  devices  with  air  photos, 
or  by  use  of  protractor  anc  ruler  or  dividers  on  topographic  maps  Alternatively,  a 
digital  ground  mode.  iDCXj  may  be  prepared  for  computer  input,  so  that  all  further 
operations  and  calculations  can  be  performed  automatically 

A  surface-specific  PGM  (Hormann,  196b  :  Mark,  19~5b)  consists  of  (x,y,z)  triplets 
of  coordinates  for  points  on  changes  in  slope,  on  crests  and  on  thalwegs,  together  with 
information  identifying  their  neighbours  sc  that  they  car.  be  related  to  form  (for  example) 
a  triangular  mesh  Altitude  matrices  are  DCMs  in  which  x  and  v  coordinates  assume 
regularly  spaced  values  defining  a  grid;  hence  only  the  z  coordinates  need  to  be  stored 
along  with  grid  (matrix)  mesh  and  dimensions,  given  a  convention  for  ordering  the  z 
values  (e  g  start  in  the  northwest  corner  and  scan  eastward  along  successive  rows, 
ending  in  the  southeast  corner)  Digitised  contours  are  an  even  more  special  type  of  DGM, 
in  which  T  .s  fixed  while  x  and  y  vary,  the  resulting  strings  of  (x,y) couplets  define 
points  along  a  contour,  and  are  prefixed  by  a  string  delimiter  and  a  header,  z,  for 
contour  altitude  Like  the  three  manual  forms  of  data,  the  three  types  of  DGM  can 
m  theory  be  derived  from  any  of  the  data  sources  and  can  be  converted  to  either  of 


the  other  two  types  by  various  forms  of  interpolation(Rhind,  1975). 


A  surface-specific  DOM  can  be  established  in  the  field  by  an  extension  of  facet 
capping,  with  relative  (x,v,ir)  values  recorded  for  computer  input  An  altitude  matrix 
^ an  likewise  be  generated  from  multiple  transects,  or  (for  microrelief)  from  a  grid 
irame  with  vertical  pins  lowered  on  to  the  ground  surface  Contours  might  be  generated 
as  in  the  nineteenth  entury  by  the  .aborious  method  of  horizontal  levelling,  but  with 
(x,y)  coordinates  recorded 

The  problem  with  all  these  field-based  DGM  techniques  is  that  data  must  be 
recorded  for  later  entry  into  a  computer  To  this  extent  they  are  no  more  automated 

than  the  three  approaches  labelled  manual  DC.Ms  may  be  produced  more  efficiently  by 
computer  input  directly  from  machinery  operating  on  air  photos  or  maps  From  air 
photos,  this  is  done  by  automatic  read-out  onto  tape  (or  cards,,  point,  profiling  and 
contouring  nodes  lead  to  production  of  surface-specific,  altitude-matrix  or  digital 
contour  DGMs  respectively  I:  maps  are  used,  digital  contours  are  produced  using  a 
digitising  table  for  line-following,  a  sur : ace-spec  1 f 1 c  DGM  is  produced  by  encoding 
(x,y,r)  triplets,  possibly  using  a  digitising  table  in  point  mode  for  (x,y)  and 
typing  in  (ri;  and  a  matrix  can  be  produced  by  software  following  raster  scanning  of 
contours,  as  by  the  Defence  Mapping  Agencv  TOPOCOM  (Mays , 1970) ,  or  by  manual  interpolation 
on  a  grid,  with  t.  recorded  on  tracing  paper  and  then  typed  into  a  computer 

The  point  has  been  made,  then,  that  any  of  the  thiee  manual  types  of  analysis,  and 
any  of  the  types  of  DGM,  . an  be  derived  from  any  of  the  three  data  sources  Some  routes, 
such  as  the  generation  cf  digital  contours  from  field  surveys,  are  not  widely  used  at 
present,  but  could  easily  become  important  with  changes  in  technology.  Because  there 
are  so  many  alternatives,  assessment  of  their  relative  merits  is  far  from  trivial. 

None  of  the  manual  methods  (Young,  19~2)  can  be  recommended  as  means  of  providing 
full  information  on  surrace  geometry  Point  sampling  means  that  each  of  the  five  basic 
properties  must  be  measured  separately,  which  is  rather  clumsy  Although  gradient  and 
aspect  can  readily  be  measured  from  air  photos  (Turner,  19 7 ' ; ter s tappen,  1977,  p  57-62), 
accurate  procedures  are  t ir.e-consusung  and  curvatures  (convexities)  are  more  difficult 
to  measure  In  fact,  whatever  the  dale  source,  point  sampling  of  curvature  probably 
requires  measurement  of  gradient  and  contour  trend  on  either  side,  followed  by  further 
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. alculat ions 


Terrain  analysis  by  the  surveying  of  s lope  prot 1 les  in  the  field  has  received 
considerable  attention  :  rom  European  geomorphologi  sts  in  recent  years;  Young's  (197*) 
review  is  the  most  *p-to-cate,  with  thorough  deiimtion  of  teres  and  discussion  of 
practical  problems  but  see  also  Pitty  (1969.  1970)  (Neither  author  is  entirely 
reliable  on  statistical  analysis)  Your.g  (19  ••  /  discussed  the  problem  of  locating 
profiles  for  survey,  if  the  proliles  are  to  represent  the  whole  region,  or  some 
portion  of  it  such  as  'straight  s.opes',  they  cannot  be  purposively  located,  some 
random  or  systematic  basis  is  essential  Surveying  profiles  upward  from  points  randomly 
or  systematically  spaced  along  tha.vcgs  (valleys)  produces  over-sampling  of  plan  convexities 
(increasingly  with  height  up  the  s.ope)  and  under-sampling  of  plan  concavities  If, 
on  the  other  har.c  one  surveys  d  wn  :rom  points  on  divides,  plan  convexities  aie  uncer- 
samp.ed  (increasingly  down  the  s,cpe)  and  plan  concavities  are  over-sampled  The 
compromise  suggested  by  Young  is  I  start  : rem  points  a.ong  a  mid-slope  'slope  sampling 
baseline',  this  reduces  the  magnitude  o:  the  sampling  biases  but  by  no  means  removes  them. 
Mid-slope  starting  points  may,  however,  he  more  difficult  to  locate  in  the  field.  Similar 
biases  arise  it  slope  proti.es  are  surveyed  through  points  located  systematically  or 
randomly 

A  turther  problem  may  arise  at  both  termini  of  a  slcpe  profile  The  profile  by 
definition  follows  a  line  of  tr-e  slope:  but  if  crest  or  footslope  have  relatively  gentle 
gradients,  the  s.cpe  line  curves  to  approach  the  divide  or  thalweg  asymptotically  Some 
termination  point  is  required,  or  divide  and  thalweg  would  be  drastically  over-sampled 
Pittv  19t9)  terminated  when  profile  gradient  :e.l  to  equal  the  gradient  along  divide  or 
thalweg,  thus  the  latter  were  often  left  unsampled  Young  (1974),  cn  the  other  hand, 
continued  the  profile  from  this  point  to  meet  divide  cr  thalweg  at  rightanglcs,  thus 
mixing  apparent  slopes  in  with  true  slopes  and  producing  a  sudden  break  in  profile 
direction,  with  a  straight  line  section  terminating  the  usually  S-shaped  plan  of  the 
main  profile 

Slope  profiling  in  the  field  has  greatly  increased  our  detailed  knowledge  of 
profile  form  and  its  relation  to  structure  and  process,  and  perhaps  these  problems  and 
differences  should  not  be  overemphasised  They  suggest,  however,  that  it  is  inherently 
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impossible  Co  produce  a  sec  ot  surface-specific  lines  (slope  lines)  which  is  an  unbiased 
representation  ot  an  irregular  surface  Though  of  great  interest  in  themselves,  slope 
protiles  are  poor  in  representing  the  surface  ol  a  region 

Identical  arguments  appiv  to  profiles  derived  from  air  photos  or  from  maps.  These 
are  usually  more  generalised,  and  straight  lines  from  divide  to  stream  are  sometimes 
measured,  this  increases  corruption  by  apparent  slopes,  and  ignores  the  plan  convexity. 
Information  about  plan  convexity  can  be  obtained  by  lateral  sightings  during  field  survey 
of  profiles,  but  this  is  an  unwelcome  additional  procedure 

The  mapping  of  slope  labels  (Waters,  1958,  Savi gear , 1965)  is  appealing  in  that  the 
whole  land  surface  is  covered  l.ess  appea.ing  is  the  almost  untested  assumption  that 
change  m  slope  is  concentrated  along  mappable  lines:  this  atomistic  approach  (Cox, 1978) 
i«  suitable  m  seme  parts  ot  the  Tng.ish  Penr.ines,  but  not  in  rolling  country  Even 
when  changes  of  gradient  are  abrupt,  changes  of  aspect  along  contours  are  often  gracua., 
making  lateral  de. imitation  of  facets  difficult 

From  a  statistica.  point  of  view,  it  is  essential  to  provide  measures  of  within- 
fa^et  variability  :n  all  :i\e  basic  properties,  in  the  absence  of  such  measures,  claims 
that  facet  mapping  provides  'complete'  coverage  of  the  land  surface  must  be  rejected, 
fare:  Area  and  shape  necessarily  vary,  complicating  analysis  of  relationships  between 
properties  Where  division  into  facets  .s  well-marked,  it  should  be  demonstrable 
starting  from  a  dense  altitude  matrix,  on  the  contrary,  it  seems  that  morphological 
maps  of  facets  contain  a  c.nsiderab.e  subjective  element,  and  are  not  repeatable  B.G  EG. 
.961,  especially  Appendices  Contemporary  techniques  to  define  breakpoints  in  slope 
profiles  are  totally  unsatisfactory  :Cox,  *978),  and  even  improved  techniques  rarely 
divide  slopes  in  the  desired  fashion  Vaps  of  facets  produced  rapidly  by  Air  Photo 
Interpretation  may,  nevertheless,  provide  useful  sampling  frames  for  soil  and  surface 
properties  (Beckett  and  Webster,  1965) 

Data  from  any  of  the  manual'  techniques  can  be  typed  into  computer  storage  but, 
if  the  computer  is  to  be  used  at  ell,  input-output  overheads  make  it  efficient  to 
enter  the  computer  as  early  as  possible  and  to  perform  as  many  data  reduction 
operations  as  possible  automatically  (Roberts  and  Evans,  1970)  Accordingly,  and 
becaise  of  sampling  or  measurement  problems  with  each  of  the  'manual'  approaches,  interest 
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here  centres  or.  computer  approaches  lo  terrain  analysis,  1  e  the  use  of  DCMs . 

Ivans  (19'2,  p  J8--.  re\ leved  the  raorphomet  r  ic  use  of  digital  contours; 
little  progress  has  been  made  since  Contour  divergence  makes  it  difficult  to  identify 
lines  of  true  slope,  neither  the  method  of  Monnonier,  i’laltz  and  Rosenfeld  (1966; 
see  also  Park,  i.ee  and  Scheps.  1971.)  nor  that  of  Piper  and  K vans  (  1967)  provides 
satisfactory  r.easu:  er.ent  s  :  gradient,  and  profile  curvature  would  be  still  more  difficult. 
Aspect  and  plan  curvature  .«n  easily  be  alculated  from  contour  trends,  but  contours 
over  sample  steep  slopes,  and  frequency  of  occurrence  must  be  corrected  by  dividing  by 
tangent  gradient  before  areas  an  be  des  ribed  Grist  and  Stott  ( 1 9 ' 7 )  ompared  four 
different  tvpes  o:  1a.v'  for  a  lo>'0  x.  >  r.  at  ea  in  Wens leydale ,  Yorkshire,  from  the  point 
of  view  of  road  engineering  omparisor.  -as  hindered  because  only  densities  of  points 
and  not  costs  of  acquisition  -ere  given,  but  the  resuits  :  r^  m  altitude  matrices  were 
highly  accurate  for  s-c. th  or  undulating  gr--nd  Those  for  a  15m  mesh  were  much  better 
than  for  m ,  b-t  .  -  «r.o  m  ga  e  diminishing  returns  For  rough  terrain  with  sharp 
breaks,  digita.  .or.t .  u  zs  supp .  emer.ted  by  trear  lines  were  considerably  more  accurate  than 
altitude  matn.es,  bet  included  many  more  points  However,  the  use  of  bilinear 
interpolation  for  mat: ices  by  r.nst  4  Stott  necessarily  smooths  extrema:  biquadratic 
mterpo  .ation  si. Co  give  -ore  accurate  results,  and  is  reliable  for  altitude  matrices 
but  not  for  irregularly  distributed  points  ) 

The  efficiency  :  surface-spe.ifi.  compared  with  matrix  DGMs  was  considered  by 
Mark  .  9  7  5b  t  for  manual  digitisation  of  points  from  1  '50,000  maps  of  British  Columbia 
e  .  -.pares  -  -e»h  .5  x  -atr:  es  with  triangu.ar  meshes  based  on  an  average  of 
.1-  points,  generates  according  t  the  svstem  of  Hermann  (1968,1969)  Mark  found  that 
thc-gh  the  triangular  mesi.es  to.  x  ever  five  times  as  long  to  produce,  the  mean  error  of 
estimates  of  mean  tangent  gradient  based  or.  them  was  2  8  times  less,  assuming  that 
•entvorth’s  .9:  ;  method  gives  the  tr-c  rear,  tangent  (it  may  overestimate)  Mark's 
comparisons  of  error  in  estimates  of  relief  and  of  hvpsor.etric  integral  are  less 
important,  sir.  e  both  are  bases  cr.  extreme  measurements  (F.vans,  1972).  On  the  debatable 
assumption  that  mean  error  is  in  linear  proportion  to  grid  mesh,  Mark  estimated  that  for 
a  given  accuracy  in  estimating  mean  tangent  (gradient;,  27  times  as  much  digitisation 
time  is  required  fer  the  grid  method  as  for  the  surface-specific  triangle  method 
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This  conclusion  is  based  on  extrapolat ion,  which  is  not  supported  even  by  Mark's 
own  results:  his  Tab.e  1  stiows  a  mean  error  in  relie!  tor  a  500n  mesh  grid  only  0  289 
mot  0  5)  times  that  tor  a  1,  Or.  mesh  grid,  while  Table  5  gives  0  3  for  near,  errors 
in  hypsometric  integral  corresponding  results  tor  gradient  are  not  given  Before  Mark's 
conclusions  can  be  corns. oered  ser.ous.y,  they  need  support  trom  results  at  the  finer 
meshes  (e  g  180m,  «Om/  to  which  he  extrapolates,  and  tror.  difterent  topographies 

Moreover,  mean  tangent  ^gradient)  is  r.ot  the  onlv  scrta.e  property  of  interest: 
what  of  altitude,  aspect  and  convexity,  and  what  o!  the  r  variability  «s  well  as  their 
mean?  Though  interesting,  Mark  s  comparison  of  manual  digitising  times  misses  the  point 
that  matri  es  are  becoming  a\a:.abie  as  standard  by-products  f  orthophotography, 
while  there  is  nc  prespec.  o:  triangular  mesh  IX. Ms  becoming  aval. able  in  this  way 

Semi-automated  crthophoto  production  is  ta.ilitated  if  the  contro.  altitudes  are 
along  profiles,  rather  than  along  break-lines,  along  contours  or  at  random  points 
for  this  reason,  a  griddea  IX. M  :  s  being  assemb.eu  tor  the  whole  of  Sweden,  with  a  mesh 
ot  50m  m  the  south  and  .  >m  m  the  north  (.  ttoson,  19 ‘8j.  A  grid  is  the  most  suitable 
tor.-,  ot  DOM  to:  a  cntral  data  bank  i  d  1 1  s  crent  applications  ( S  te  t  ar.ovi  c ,  Red  wan  and 
Tempt. i,  19  ')  Such  data  bancs  a:e  increasingly  important,  and  DCM  data  with  its 
relatively  long  .itetire  tends  to  torn  the  backbone  o:  geographic  information  systems. 

The  measurement  of  a  .»rgt  number  ot  equa. -spaced  data  points  (followed  if  necessary  by 
data  . empress  lor.  ; s  much  .ess  error-prone  than  the  measurement  of  tewer  points 
. areful 2y  but  sub;e  t:\e.v  selected,  especially  in  a  production  fas  opposed  to  research) 
er.vi  ronment 

Tc  cate,  there  has  been  a  preterence  for  semi-automatic  profiling  in  DGM  and 
orthophoto  production  In  .97b,  however,  there  was  a  breakthrough  in  the  acceptance  of 
automatic,  analytical  stereoplotters,  six  new  node.s  became  available  (Konecny,  1977) 

These  .an  ery  easily  generate  gndeed  DCMs  For  example,  the  Gestalt  phetonapping 
system  itera'es  the  correlation  of  .eft  and  right  photographs  50  times  per  second  until 
para..ax  is  negligible  Felly,  McConne . 1  and  Mi i denberger ,  197').  For  each  patch, 
a  *'  x  52  matrix  of  2-^^  altitudes,  spaced  . 182mn  apart  in  the  stereo  model,  is  very 
quickly  produced  Overlaps  between  patches  are  checked,  and  a  stereo  model  can  be 
comp.eted  rn  9  minutes,  yielding  a  700,000-point  DGM 
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L'sing  the  Gestalt  system,  the  U  S  G.S  has  already  produced  2,000  7j-nunute 
single-model  or thophotoquacs  at  1.2*, 000  (Southard,  19’8;  The  amount  and  density  of 
altitude  matrix  uata  promises,  then,  to  be  positively  er.barassir.g.  The  question  for 
the  future  is  how  to  _ompact  and  process  the  great  flood  of  gridded  altitude  data 
(Pfaltz,  19'5,  Jar.caitis,  1978.)  rather  than  whether  this  is  the  best  format  in  which 
to  generate  photogrammetr ic  data 

Hence  if  programs  can  extract  relevant  terrain  information  with  adequate  accuracy 
from  altitude  matrices,  the  ^ase  for  generating  surface-specific  DGV.s  specially  is  weak 
Matrices  also  offer  insight  on  the  s.ale  probler,  which  is  crucial;  surface-specific 
triangles  necessarily  -.ary  in  sice  and  their  resu.ts  apply  to  a  fuzzi  lv-def  med  range 
instead  of  a  single  spatial  s_ale  It  ••■•ill  be  demonstrated  in  chap  te  r  (  eg  I  tha  t  surface 
properties  are  very  sensitive  to  the  spatia.  s^o.e  at  which  they  are  measured  Sir.ir 
any  statement  about  such  properties  should  be  qua.ified  by  reference  to  the  sca.«. 
involved,  approaches  which  cannot  provide  a  precise  answer  to  this  question  arc  at  a 
severe  disadvantage  This  problem,  together  with  considerations  of  data  aval labail ltv, 
makes  it  unlikely  that  very  extensive  comparative  work  on  sur f act -spec i f l c  Lx. Ms  will, 
or  even  should,  be  undertaker. 

The  advantages  of  grid  sampling  were  recognised  by  Chapman  (1952)  Yates  (19»9) 
showed  that  a  grid  is  the  most  efficient  sampling  sche~e  for  an  autocorre 1 atec  series 
fsuch  as  a.titude;  Workers  r.  intervisibi 1 ity,  traf f icabi 1 lty,  radar,  and  terrain- 
following  weapen  systems  have  shown  preference  for  gridded  altitude  data.  Since  funds 
available  for  geotao rphometr ic  research  are  more  limited  than  for  these  related  fields, 
it  is  sensible  to  take  ad\ ar.tage  of  data  availability  by  developing  systems  to  process 
the  digital  data  which  they  produce,  namely,  altitude  matrices  Hence  this  report 
concentrates  on  the  processing  of  altitude  data  for  square  Rnd  meshes  The  outline  of 
the  gridded  area,  however,  can  be  either  rectangular  or  irregular.  Whether  or  not  grids 
are  the  most  efficient  means  of  storing  altitude  data,  they  are  the  most  easily 
-anipuiable  data  format  lor  most  high  level  computer  languages.  Also  they  minimise 
subjectivity  and  permit  precise  statements  about  the  scale  at  which  surface 
characteristics  are  measured  and  about  the  types  of  surface  feature  which  will  not  be 


represented  adequate. y 


The  altitude  matrix  date  used  in  this  report  have  two  origins  Data  for  the 
Cache  area  were  produced  automat ical ly  by  UNAMACE ,  an  early  analytical  stereoplotter, 
and  processed  by  C0NPL01  There  are  special  problems  with  this  equipment,  and  the  data 
have  not  been  cleaned  sufficiently;  che  effects  of  this  are  discussed  in  chapter  5  below. 

The  other  data  sets  were  pr>Cu>.ed  manually  by  interpolation  from  contour  maps, 
which  had  been  produced  photogrammetr real ly  They  suner  t rem  errors  of  i nterpo la t i on , 
atfected  by  the  operator  and  the  roughness  of  ground  between  contours,  and  errors  of 
the  original  map,  arrested  by  pnoto  Scale,  map  scale,  camera  focal  length  and  surface 
gradient  (Richardus,  19'1>  and  the  reliability  oi  the  photogrammetr i st  and  ground 
control 

Da  ta  accuracy  :s  important  beca-se  surface  cerivatives  are  based  on  local 
differences  which  me  eery  sensitive  to  noise  in  the  cata,  even  when  derivatives  are 
calculated  via  a  local  quadratic  Data  which  represent  altitude  adequately  may  give 
inaccurate  estimates  of  gradient  and  meaning. ess  \a.ues  tor  convexity  This  is  obviously 
important  tor  substantive  resu.ts,  especia.lv  comparisons  of  different  areas  Comparisons, 
especially  of  convexities,  can  be  made  only  within  a  data  type  with  error  properties 
which  are  either  constant,  or  vary  monotomcal ly  in  relation  to  real  natural  variations. 
Although  the  present  report  is  methodological,  it  must  be  admitted  that  serious  data 
errors  do  have  implications  tor  the  techniques  employed,  for  example,  they  might  require 
data  smoothing,  or  calculation  o:  the  local  quadratic  over  a  neighbourhood  larger  than 
3x3  At  present  this  does  not  seem  necessary  for  the  manually-interpolated  matrices, 
but  it  probably  is  for  the  NA.MACE  data 

The  most  accurate  potential  source  of  altitude  matrices  is  from  photogi anmetr ic 
profiling,  reading  off  point  a.titudes  on  a  grid  (preferably  onto  tape  for  direct 
computer  input;  This  approach  is  obvious 4v  more  direct  than  producing  contours  and 
then  interpolating  manually,  and  might  reduce  error  by  ar.  order  of  magnitude;  it  is 
hoped  to  obtain  some  in  the  neat  future  The  newer  analytical  stereoplotters  may 
provide  heights  with  an  RMS  error  of  the  order  of  Iff.  Meanwhile,  it  seems  that  sotre 
of  the  error  produced  by  interpolation  is  not  highly  objectionable  in  that  it  smooths 
the  surface,  making  a  quadratic  a  better  fit  Also,  although  it  is  difficult  to  obtain 
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relevant  information,  carefully-produced  photogramraetr ic  r.aps  such  as  the  Ordnance 
Survey  1/10,000  series  may  contain  less  error  than  the  'half  contour  interval'  often 
quoted;  in  this  respect  they  are  much  superior  to  the  older  maps  discussed  by  Clayton 


(1953) 


(2d) 


Calculation  of  derivatives  trom  altitude  matrices 


It  is  assei ted  above  that  satisfactory  (though  generalised) 
estimates  of  surtace  derivatives  (slope  and  convexity)  can  be  calculated 
from  altitude  matrices  Obviously  such  estimates  reiei  not  to  points, 
as  we  might  ideally  wish,  but  to  local  neighbourhoods  covering  several 
grid  mesh  units.  This  spatial  general isation  means  that  the  grid  mesh 
must  be  sufficiently  fine  to  detine  surface  properties  at  the  scale  of 
interest,  and  that  comparisons  can  be  made  only  at  a  stated,  constant  grid 
mesh  It  must  be  remembered,  however,  that  in  practice  in  the  field 
surface  derivatives  are  measured  over  tinite  distances:  they  are  not  point 
measures,  and  comparisons  can  be  made  only  lor  the  same  measured  length 
(Gerrard  and  Robinson,  1971:  Geirard,  1978;  Calculation  from  altitude 
matrices  usually  (though  not  necessarily;  implies  generalisation  over 
greater  distances  than  measurement  in  the  field,  but  the  difference  is 
quantitative  rather  than  qualitative 

Techniques  tor  calculating  gradient  from  matrices  have  been  proposed 
by  Hobson  (196';,  Sharpnack  and  Akin  (1969;,  Tobler  (1969t;,  and  St ruve ( 19 77 ) . 
The  difterent  technique  used  here  and  detailed  in  Report  5  is  considered 
more  advanced,  in  relation  to  two  desiderata:  (1;  Gradient  must  be  related 
to  true  slope  .ines,  which  may  trend  in  any  direction  (  ar.c  :U  *•  1  >  pc  *»nd 
convexity  should  relate  t.  the  same  local  neighbourhood,  centred  on  the  point 
to  which  they  are  attributed. 

Calculation  f  a  .erivative  f  ror.  a  matrix  involves  generalisation  over  at 
least  one  grid  mesh  unit,  since  two  or  more  r.e ;  ghbeur  l  r.g  values  must  be 
considered.  Minimum  oenera 1 ; sat  ion  was  a  hieved  by  Hobson  (1967),  who  measured 
the  slope  ver  ea  ; s.  s  elcs  triangle  (in  map  projection)  formed  by  a  grid 
point  apex  r<  its  : «  arest  axial  neighbours  in  two  adjacent  directions . 

CT.er  all  p  1  1«  triang.es  .  f  Mis  typt  are  .  o:  s  see  red ,  the  plane  is  covered 
twice  and  there  are  four  measurement#  per  internal  data  point  (plus  two  for 
each  edge  and  one  for  each  corner  point  ir  the  square  grid).  If  these 
measurenanta  were  to  be  attributed  to  points,  they  would  be  part-way  along 
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the  diagonals  connecting  data  points:  this  is  rather  inconvenient  and 
it  would  be  feasible  to  calculate  convexity  tor  the  same  points. 

A  second  possibility,  covering  a  larger  area  but  the  same  linear 
dimension,  is  to  take  squares  lormed  by  pairs  of  triangles  and  to  average 
the  two  slopes  or,  preferably,  to  t it  a  least-squares  plane  to  the  four 
bounding  data  points.  The  1 itting  would  simply  involve  calculating  x  and 
v  components  ot  apparent  slope  by  comparing  the  altitudes  ot  points  pair 
by  pair,  then  combining  the::  by  1’y  thagoras '  Theorem.  The  resulting  slope 
vector  would  be  attributed  to  points  in  the  riddle  ot  each  square,  equi- 
distant  from  the  data  points  'his  is  sightly  more  appealing  than  the 
previous  case,  but  again  it  seems  inconvenient  to  calculate  convexity  ter 
corresponding  points  It  is  advisable,  then,  to  cu.culate  derivatives  which 
can  be  attributed  t.  the  data  points,  thus  facilitating  comparison  between 
first  and  second  derivatives 

Struve  19'.'  compared  thiee  algorithms  for  slope  (but  not  convexity) 
calculation,  lor  cost  and  tor  accuracy  in  processing  three  mathematical ly 
defined  surtu  es .  1  he  'vector  algorithm.'  simply  compares  apparent  gradients 

to  neighbouring  p  mis  :n  eight  .ordinal  d l r ec t ions,  and  takes  the  steepest; 
this  is  una  epta  le  sin  e  e :  g  t  -.a.ues  ot  aspect  are  possible, 

intermediate  vectors  being  ignored  'Struve's  able  1  incorrectly  gives  ,1 
as  the  x  and  y  distance  to  diagonally  related  points,  instead  of  D) .  The 
'plane  algorithm'  compares  tour  p. ar.es,  each  based  or.  a  triangle  defined  by 
altitudes  at  the  central  point  and  two  ct  the  nearest  neighbouring  points, 
las  m  Hobson's  scheme),  and  takes  the  steepest.  In  this  case,  any  value 
of  aspect  is  possible,  but  (as  ir.  the  vector  algorithm)  gradient  is  measured 
to  one  side  or  other  of  the  central  point  to  which  gradient  is  attributed, 
and  not  around  it;  thus  condition  (11)  above  is  not  satisfied. 

The  third,  'three-dimensional  surface'  algorithm  coriects  this  by 
comparing  altitudes  symmetrically  disposed  around  the  central  point,  which 
is  itself  ignored.  Two  independent  estimates  are  made  for  apparent  gradient 
in  each  axial  direction,  one  based  or.  the  nearest  neighbours  (those  along 
the  axes)  and  another  based  on  the  two  next  nearest  pairs  (the  diagonal 
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neighbours),  <ind  the  maxima  tor  each  apparent  gradient  are  combined  (by  Pythagoras) 
to  give  an  estimate  ot  true  gradient  Although  the  effect  of  one  apparent  gradient 
being  based  on  axial  neighbours  while  the  other  comes  from  diagonal  neighbours 
requires  further  investigation,  this  technique  is  much  more  acceptable  Not 
surprisingly,  Struve  (in  his  Table  2)  shows  this  to  produce  reasonable  precision 
for  the  analytical  surtaces,  while  his  other  two  algorithms  produce  totally 
unacceptable  errors 

Having  interpolated  altitude  at  c5°  intervals,  Grender  (1976)  calculated  slope 
from  pairs  of  points  one  grid  mesh  from  the  point  of  interest  and  on  opposite  sides. 

He  also  looked  at  more  generalised  slopes,  using  a  30°  interval  for  points  2  grid 

0  0. 

mean  units  away,  15  for  and  5  for  10  Since  each  pair  of  points  is  symmetrical 
about  the  central  point,  the  calculated  value  can  justifiably  be  located  at  the 
.er.tral  point  These  are,  however,  apparent  slopes,  with  a  limited  number  of  possible 
aspects,  and  even  the  maximum  obtained  is  subject  to  the  same  deficiency  as  Struve's 
'vector  algorithm 

If  diagonal  neighbours  are  excluded  iron  'Struve's  'three-dimensional  surface 
algorithm',  combination  ot  apparent  gradients  from  the  two  pairs  of  axial  neighbours 
gives  the  'finite  difference'  estimate  of  gradient  defined  by  Tobler  (1969^.  The 
latter  is  thus  seen  to  be  closely  related  to  Struve's  preferred  estimate.  By 
calculating  gradient  m  the  same  way  at  each  of  th.c^four  axial  neighbours,  Tobler 
had  extended  this  approach  to  provide  an  estimate  of  profile  convexity  (rate  of 
change  of  gradient),  which  was  not  considered  by  Struve 

These  'finite  difference'  estimates  were  used  in  my  study  of  the  effect  of 
grid  mesh  (Report  j),  but  were  not  considered  ideal  Their  deficiencies  are  (i) 
they  do  not  make  full  use  of  the  relevant  information  :  heights  at  the  central  point 
and  at  diagonal  neighbours  are  ignored  in  the  calculation  o.f  gradient  while  heights 
at  axial  neighbours  are  ignored  in  the  calculation  of  convexity;  and  (li)  while 
gradient  is  calculates  over  areas  two  grid  mesh  units  wide,  convexity  is  calculated 
over  areas  four  wide  and  is  thus  more  generalised  An  extension  of  Struve's  algorithm 
to  .aiculate  convexity  would  also  extend  the  width  of  neighbourhood 


CO  four  grid  mesh  units.  A  different  and  slightly  more  sophisticated 
algorithm  is  chosen  here,  and  is  probably  the  optimal  technique  for 
calculating  derivatives  over  a  comparable  neighbourhood  which  is  as 
small  as  possible,  so  that  the  generalisation  inherent  in  a  grid-based 
approach  is  minimised. 

To  provide  symmetry  about  the  central  data  point,  it  is  necessary 
to  consider  at  least  the  nearest  neighbours  on  either  side,  i.e.  to  cover 
an  area  two  grid  mesh  units  wide.  The  central  point  plus  its  four  nearest 
neighbours  adequately  de:me  slope,  but  provide  only  limited  information 
on  curvature  It  altitude  and  the  tour  surface  derivatives  are  calculated 
from  five  altitude  data  points,  live  parameters  are  calculated  from  five 
data  points  :  a  curved  surface  plane  is  titted  to  pass  exactly  through  each 
data  point,  and  no  consider  anon  is  given  to  possible  errors  in  the  data. 

It  we  go  • -  further  trom  the  central  point,  we  incorporate  the  four 

diagonal  neighbours,  making  a  total  of  nine  data  points  forming  a  3  x  3 

submatrix.  These  are  more  than  sufficient  to  fit  the  six  parameters 

la.  .f)  of  the  lull  quadratic, 
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i  ■  ax”  ♦  by*  ♦  cxy  ♦  dx  *  ey  »  f 

The  presence  ot  three  'spare'  data  points  means  that  the  local  quadratic 
surface  is  overdetertnined,  and  does  not  need  to  pass  exactly  through  the 
nine  data  points  This  makes  some  ismail)  allowance  for  rounding  and 
other  errors  in  the  data 

Although  conceptually  this  surface  is  fitted  by  least  squares,  the 
procedure  is  great. y  simplified  by  the  arrangement  of  data  on  a  square  grid. 
The  six  parameters  are  calcu.ated  by  multiplying  the  9x1  vector  of  altitudes 
by  a  6  x  9  matrix  of  coefficients:  matrix  inversion  is  unnecessary  (Table  1, 
and  Report  3,  p  2).  The  derivatives  of  the  quadratic  surface  at  the  central 
data  point  (0,  0  in  the  local  cartesian  coordinate  system)  are  calculated 
by  substitution  in  the  quadratic  equation;  in  fact,  they  can  be  expressed  as 
simple  combinations  of  the  six  parameters  (Table  1'  The  formula  for 
gradient  turns  out  to  be  identical  to  that  of  Sharpnack  4  Akin  (1969):  it 
combines  the  apparent  gradient  estimates  based  on  cornerpoints  and  axial 
points,  which  were  considered  separately  by  Struve  (1977). For  consistency. 
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Table  1  Delinitions  o!  derivatives  in  terms  ot  square  grid  mesh  g  and  the 
quadratic  parameters  a  .  t;  and  ot  che  latter  in  terms  ot  the  altitudes 


Z ,  .  .  .^(ordered  from  top  lelt  to  bottom  right:  Zr  is  altitude  at  the  central 
point  of  the  submatrix).  Based  on  Report  5,  p.3-u.  Note  that  f  and  alt 
are  in  units  ot  L;  d,e,  aspect  and  gradient  are  dimensionless;  a,b,c  are  in 
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OTHER  FORMULAE  FOR  -RAIMENT,  translated  into  the  same  conventions  : 
Tobler  (  1969k/:  ai^tan  fsqrt  (Z  -2  )*  »  (2  -  Z  )‘)/2g 

l  O  O  ** 

Sharpr.ack  and  Akin  (.1969)  : 

arctan  fsqrt;  (Z .  *Z  -Z  -  2,-  2^  -  (Z/Z^Z^-  Z,  -  2^  -  iy)“ 'tg 

y  2 

-  arctan  fsqrt  (d‘  ♦  e‘)) 

Struve  (19-”;:  as  Tob.er,  except  that  (B,~2a)  is  replaced  by 

4.  C 

((Z ,-Z  I  -  (H  *Ha))if  modulus  of  the  latter  is  greater,  and  (Z  -2,)  is 
13/9  p  « 

replaced  by  (fZ  .  *  2^)  -,,Z  *2.))  likewise  and  independently. 


the  parameter  f  defining  altitude  on  the  quadratic  surface  at  the  central 
point  is  used  as  'calculated  altitude'  in  place  of  the  measured  altitude, 
for  comparison  with  the  derivatives. 

This  technique  produces  a  certain  generalisation,  which  is  desirable 
when  altitude  data  are  rounded  and  in  error.  Altitudes  in  the  neighbourhood 
define  trends  in  slope  and  the  actual  value  is  calculated  for  the  point  to 
which  it  is  attributed  In  the  unlikely  event  of  local  surface  shapes  over 
the  3x3  neighbourhoods  being  exactly  quadratic,  we  could  claim  to  be 
calculating  true  point  values  Sm.e  real  land  surfaces  are  more  capricious, 
we  will  claim  merely  that  the  values  calculated  characterize  the  neighbourhood 
centred  on  the  point  to  which  they  are  attributed. 

The  surface  model  implied  by  this  approach  is  that  of  Junkins,  Miller 
and  Jancaitis  (.  1 9 ' 3  3  The>  showed  how  overlapping  local  polynomial 

surfaces  could  be  combined  with  second  order  continuity  by  giving  each  an 
appropriate  weighting  field,  declining  smoothly  from  1  at  its  centre  to  0 
at  the  edge  of  its  square  area  of  applicability.  Since  derivatives  are 
calculated  here  for  the  centre  of  each  such  area,  only  one  local  quadratic 
is  involved  lor  each  data  point. 

There  is  nothing  pre-ordained  about  the  use  of  a  quadratic.  It  is 
the  simplest  full  power  series  polynomial  which  provides  the  five 
characteristics  of  interest,  while  the  full  cubic  would  require  more  than 
nine  data  points  and  its  extra  characteristics  f the  possession  of  inflections) 
would  not  be  used  in  the  calculation  of  these  derivatives.  Likewise  the 
3  x  )  neighbourhood  .s  the  smallest  permitting  definition  of  all  the  relevant 
derivatives.  If,  however,  the  altitude  data  had  a  high  error  content,  it 
might  be  advisable  to  sm«.  th  the  data  before  processing:  this  amounts  in 
effect  to  basing  each  quadratic  on  a  broader  neighbourhood,  such  as  5  x  5 
or  7  x  7 

A  limited  check  on  the  accuracy  of  these  calculations  was  provided 
for  the  Thvera,  Ice. and,  matrix  by  its  originator,  Jasbir  Gill,  For  75 
randomly  located  points  in  the  matrix,  he  manually  determined  gradient 
and  aspect  fas  well  as  altitude;  These  values  were  compared  with  those 
calculated  by  fitting  the  local  quadratic  to  a  3  x  3  neighbourhood  of 


<1  100rr.-rr.esh  grid  Comparison  of  calculated  with  measured  altitude 


(Fig. 3)  shows  that  smoothing  due  to  fitting  of  the  quadratic  produces 
very  little  error  at  the  central  point.  Likewise  the  calculated  gradients 
(Fig. a)  and  aspects  (Fig  5)  compare  very  closely  with  those  estimated 
manually  from  contour  spacing  '.able  2  gives  the  corresponding  least 
squares  regressions  (not  constrained  to  pass  through  the  origin)  and 
confirms  the  small  magnitude  of  the  errors  induced  by  t rans f ormi ng  map 
to  matrix  and  then  fitting  local  quadratics.  In  each  case,  the  regression 
coefficient  is  within  1.5  standard  errors  ot  its  expected  value  of  1.0, 

V 

and  the  standard  error  of  the  estimate  is  low  in  re.ation  to  the  range 
of  values  encountered  In  fact,  on  the  first  run  of  this  comparison 
two  outlying  data  points  were  found  to  reflect  errors  in  the  manual 
operation  of  measuring  aspect,  and  not  distortions  due  to  matrix 
production  and  the  fitting  of  local  quadratics. 

Table  2  Relationships  between  manually  measured  (M)  and  calculated  (C) 
values  of  altitude,  gradient  and  aspect  at  75  points  in  the  Thvera  area, 
Iceland  r“  -  coefficient  of  determination,  squared  correlation  coefficient: 
S  E  E  *  standard  error  of  the  estimate  of  C  :  S.E.B.  ■  standard  error  of 
the  regression  coetficient  :  S.D.  -  standard  deviation  of  M. 


REGRESSION 

r  " 

S .  F. .  E  . 

S.E.B. 

S.D. 

Al t l tude 

C  -  1.003M  -  2.373 

99965 

3.59m 

.002 

191m 

Grad  lent 

C  -  0  98-M  *1.-16 

.  98-Od 

1.27° 

.015 

10.  l' 

Aspec  t 

C  -  1 .009M  -  1.630 

.  99616 

5.7-° 

.007 

9 1' 

The 

negligible  loss  of  information 

suggests 

that  gradient  and 

aspect 

might  as  well  be  calculated  from  ar.  altitude  matrix  (of  this  density),  rather 
then  measured  laboriously  from  contour  maps  in  *  .  ration.  Error 

appears  to  come  mainly  from  the  contour  map  itself,  rather  than  from  the 
further  processing  operations 
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a  pit  and  the  ridge  becomes  a  summit;  all  these  cases  involve  two  profile 


convexities  and  i  ndet  err.i  rat  e  Man  convexities.  Likewise,  if  either  of 
tht  ■.  rc  convexities  for  a  plain  is  perturbed,  the  point  becomes  a  ridge 
or  a  "alley. 

Table  his  ririnatiort  of  types  o!  point  where  gradient  .  s  z«  r>  ,  from 

the  -axir.t.r  an.  '  rinim.ur  values  of  profile  convexity,  from  Margaret  Young 
f°eport  b )  .  These  values  are  calculated  from  the  quadratic  coefficients 
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'able  b  shows  how  t*  ese  different  situations  ray  1  e  disting-'  shod 
easily  bv  calculating  maximum  and  minimum  values  cf  profile  convexity. 

‘  ’  •’  t\  raises  a  ouesticr.  as  to  vh"  other  aut'cis,  such  as  PeucVer 
inj  Do u  .is  (lr't')1  have  ma<’e  such  heaw  weather  or  automatically 
detecting  «urh  points  from  altitude  matrices,  ’'he  answer  is  ir  parr, 

•  -at  wcrki  fro-'  the  <  r  i  pirn!  drta  and  not  from  a  quadratic  fwhi  eh 

f  i  i  s  out  or.si  de-at  i  on  of  curvature)  and  in  part,  that  they  as-eh 
different  quest). ns:  twev  sough  hreahs  of  slope,  and  ri'gos  and  valleys 
with  positive  as  veil  ns  ?o  ro  grad'.ent.  ")  i  latter,  however,  does  not 
explai;  the  r  di«ulous  results  fc'r  pits  and  passe-  rr«senfsd  in  t  fir 
T  i  >  s  .  '  an-  r )  ,  vh  i  oh  s  gge  s  t  »n  mcr  ■  r  p  t  >  gr  a: :  • :  g  t  h«  lugn.il 

definitions  tbey  gave  on  p.3'7.  Johnston  and  Posenfeld  ( 1 0 7 r- )  and  Cronder 
(1916)  produced  nrre  reasonable  results,  n'though  t’eir  definitions  of 
ridges  ard  ravines  ^vallevs)  .to  room  rather  rrude . 

A; art  from  the  zero-gradient  eases,  it  is  diffioult  to  distinguish 
ridges  and  •■alleys  qualitatively  from  ordin.arv,  rurved  slopes,  Pather, 
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they  grade  into  stub  slopes  and  can  be  distinguished  quantitatively, 
hv  rheir  stringer  plan  onvexities  (positive  and  negative,  respect  i  ve  lv ) 
or  by  their  opposed,  lateral  gradients  considerably  exceeding  the  gradient 
along  their  strike.  !r  either  casi  ,  an  arbitrary  threshold,  is  required 
ar.d.  horizontal  continuity  cannot  he  guaranteed  if  ridge  or  valley  width 
varies:  autorated,  procedures  c  urrently  ’look’  at  one  scale  at  a  tine, 
while  the  human  reader  of  a  contour  rap  contemplates  a  range  of  scales 
s  irul  tane.-us  1  v  and.  interpolates  more  continuous  linear  features. 

It  is  now  . . .  to  consider  an  initially  paradoxical  cons  i  drr.it  :  or  . 

Summits,  saddles  and  pits,  at  least,  are  singular  points;  any  slight 
displacement  from  the  point  involved  gives  ar.  ordinary  slop>  .  Why,  then, 
d>-  singular  points  coincide  eynctlv  on  a  number  of  occasions  with,  the 
ar'  i  t  r  ary  p.  :nts  at  vhi  :  altitude  is  estir.at<  1  ard  derivatives  an 
alculate  1  V)  v  should,  zero  gradient  occur  exactly  at  the  central  point 
f  t  he  1 oo  a  1  quadra* ic? 

This  quest:  n  is  rest  easilv  answered  hv  considering  plains,  which 
a:  ••  v  fat  the  a  at  inrvon  type  of  aero-gradient  point.  /•  plain,  with 
n  slope  it  ‘  -ere  convex:' tv,  'ccurq  whenever  all  nine  da’a  prints  ar< 

;  entical.  Th: s  % i •  at  ion  woul  :  *-e  highlv  improbably  if  all  altitudes  were 
•  lepei  lent lj  ne  •  ■  1  t  many  significant  ligits ,  but  wi  know  this  not 
t  he  the  case.  Alt:-  es  ar<  encode  with  or.lv  a  few  digits  each;  the 
few  r  the  digits  th*  ‘.ess  'he  number  of  distinct  values  possible,  and.  the 
-ere  ‘requer.t  are  ■  r  1  suhmat r i  ces  of  identical  values.  1  ikewise  a 
sv-rr.e  t  r  i  ca  1  distri'ution  of  altitudes  around  a  rertra’  maxi— um  gives  a 
summit  exactly  a*  'le  central  data  poin*,  whether  we  use  a  quadratic  or 
ar.v  other  means  •  i  n  t  e  rpo  1  a  t  i  on  within  the  1  x  neighbourhood.  A  ridge 
(or  va! lev)  with  zero  gradient  at  the  central  point  is  produced  if  a  row, 
cclurr.  or  diagonal  of  three  identical  values  is  svmnetri cal lv  balanced, 
hence  twe  frequency  of  all  types  of  zero-gradient  point  is  a  function  not 
only  of  surface  properties,  w,lt  also  of  the  resolution  to  which  altitude 
is  encoded.  Tt  would  e  interesting  to  test  its  senstiviity  to  further 
rounding  of  the  input  data. 
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Chapter  Ihrec 

I  I  CHARACTKKIZATION  OK  ARLAS 


( 3  a '  Introduction 

The  definitions  o:  basic  properties  giver,  in  chapter  two  relate  to  points 
on  the  .and  s-ru.t  These  points  before  sma 1  1  neighbourhoods  by  the  exigencies 
or  calculation  (or  or  observation),  but  conceptually  the  derivatives  are  properties 
of  any  point  on  the  land  surface.  This  is  considered  the  best  starting  point  for 
general  geonorphometry .  The  alternatives  are  to  der  ine  some  fundamental  line 
(eg  slope  profile  or  area  eg  facet}  on  the  surface;  we  have  seen  in  section 
t.-c}  that  there  arc  problems  in  achieving  agreement  on  the  definition  of  either, 
anc  that  neither  approach  gives  a  balanced,  unbiased  sampling  of  the  land  surface 

When  starting  from  point  values,  an  area  is  characterized  by  statistical 
and  spatial  distributions,  and  by  simple  and  multiple  relationships  between  the 
values  hence  frequency  distributions,  maps  and  within-area  relationships  will 
be  discussed  in  turn,  and  decisions  taken  in  specifying  the  computer  operations 
outlined  in  Report  i>  will  be  justified  This  will  be  followed  by  a  brief  consideration 
of  between-arca  relationships,  and  finally  the  important  effect  of  grid  mesh  on 
characterizations  o:  areas  will  be  discussed.  1 ach  section  will  contain  some  discussion 
cf  results,  to  illustrate  more  fully  their  meaning  and  interpretation 
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(3b)  Frequency  distributions  and  possible  transformations 

The  elementary  statistical  approach  to  such  data  sets  is  to  abstract  values  from 
their  spatial  context  and  group  them  on  their  scale  of  magnitude,  giving  a  frequency 
distribution  The  principal  form  of  presentation  of  such  a  distribution  should  be 
a  h i s t o g r am , a  plot  ol  t requency  for  classes  of  (preferably)  equal  width  on  the  magnitude 
scale.  A  well-designed  histogram  gives  a  rapid  visual  impression  of  di str ibution  shape, 
as  well  as  location  and  spread  on  the  magnitude  scale.  It  should  be  supplemented  by 
numerical  summaries,  but  the  possibilities  of  outliers  and  of  multinodality  make  it 
unsate  to  rely  entirely  on  such  summaries  :  the  histogram  should  always  be  consulted 
Sturges  (1936;  see  also  kiuntsbcrge:  and  Billingsley,  1977)  has  proposed  a  rule 
o:  thumb  that  the  number  of  classes  in  a  histogram  should  ideally  be :  1  ♦  log,N,  where 
S  is  the  number  of  observations:  if  the  frequency  distribution  is  Gaussian,  the  class 
frequencies  will  be  a  binomial  series  A  second  suggestion  is  5  log,^N  classes  (Brooks 
and  Carruthers,  1953  p.l3>  Neither  of  these  seems  to  be  of  any  value;  at  least,  they 
do  not  extrapolate  to  samples  of  the  sire  considered  here.  Indeed,  their  authors 
were  concerned  with  much  smaller  samples.  I  have  found,  in  connection  with  work  both  or. 
this  project  and  on  the  G  B.  ensus,  that  division  of  10,000  (or  even  of  2,000)  values 
into  100  classes  produces  a  clearer  and  more  informative  view  of  the  distribution  than 
division  into  :ewer,  coarse:  classes.  If  this  information  can  be  portrayed  clearly, 
which  is  possible  e.er.  with  a  line  printer,  there  is  no  reason  to  submerge  it  in  more 
generalised  classes  'The  above  rules  suggest  only  14  or  20  classes  for  10,000  values; 

1-  or  16  for  .,000)  Deane's  (19*6)  proposed  modification  of  Sturges'  Rule  by  adding 
extra  classes  to  allow  for  skewness  does  nothing  to  reduce  my  objection  to  its  whole  has. 
this  rule  ignores  the  realities  of  applied  statistics. 

Moreover,  it  is  demonstrated  in  the  next  two  chapters  that  fine  subdivision  of 
a  frequency  distribution  may  reveal  interesting  defects  in  data  quality,  which  become 
apparent  from  multiple  modes,  or  from  gaps  because  certain  values  are  impossible.  Indeed, 
tor  thas purpose  it  might  be  useful  to  have  'no-class  histograms'  or  dispersion  plots, 
where  spacings  on  the  magnitude  scale  are  shown  in  exact  detail,  regardless  of  the  number 
of  values.  (See  also  the  'no-class’  statistical  map  debate  :  Tobler,  1973;  Dobson, 1973; 
Evans,  197'*)  The  presence  of  real  polymodality  in  slope  gradients  continues  to  excite 
discussion  among  geomorphologists  (Statham,  19'5  ,  Carson,  19'7)  but  the  question  of 
significance  of  subsidiary  modes  remains  elusive,  especially  with  the  sampling  problems 
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ruled  above  It  web  decided  to  use  up  to  110  classes,  this  being  ten  fewer  than 
t  e  number  that  will  tit  onto  two  line  printer  pages  at  60  lines/page,  1  line/class 
Frequency  is  shown  horizontally  by  the  number  of  symbols  per  line;  on  a  computer 
line  printer  it  is  much  more  convenient  to  produce  variable-length  lines  horizontally 
rather  than  vertically)  Where  the  range  cf  variation  is  unpredictable,  as  for 
altitude,  it  is  necessary  tc  progiam  the  calculation  of  class  size  Some  programs 
simply  divide  the  range  by  the  desired  number  e!  classes,  but  this  gives  awkward  numbeis 
tor  w'.iss  limits  and  midpoints  Instead,  for  altitude,  a  class  width  of  lm  is  used  for 
ranges  in  altitude  of  up  tc  110m,  dm  is  used  up  to  220m,  5m  up  to  550m,  then  10m  class 
widths  and  so  on  with  the  decimal  place  shitted  This  gives  at  least  Am  classes  (unless 
range  in  altitude  is  less  than  -...mi  ar.d  never  more  than  110  classes  It  provides  round- 
numbeied  .lass  limits  (See  D‘-*ne,  19’6,  for  a  definition  of  1  roundness 1 ) ,  and  it  works 
ery  well  for  the  data  processed  to  date  (Figs  18,31) 

Other  variables  are  more  predictable  in  value  Aspect  usually  ranges  over  the  full 
s^ale  from  0  to  360  degrees  :  for  almost  any  area,  a  class  width  of  5  degrees  gives 
2  classes  Gradient  varies  from  0  to  90  degrees,  so  a  class  width  of  cne  degree  was 
.hesen  In  pra.ti.e,  the  upper  half  of  the  range  is  rarely  encountered,  so  a  width 
or  half  a  degree  might  be  even  better  However,  because  of  the  importance  of  small 

diffaren.es  in  the  low-gradient  range,  a  second,  100-class  histogram  is  produced  with 
..asses  1  degrees  wide  for  the  range  0  to  10  degrees  This  enlargement  is  very  valuable 
.n  judging  data  quality  :  if  altitudes  are  excessively  rounded,  only  a  discrete  number 
of  low  gradients  will  be  possible,  and  these  show  up  as  spikes  separated  by  vacant  classes 
Both  profile  and  plan  convexity  have  long-tailed  distributions,  more  or  less  centred 
on  zero,  but  initially  their  ranges  were  unpred i c table  By  trial  and  error,  it  was  found 
that  almost  all  observations  fell  between  -50  and  *50  degrees  per  100m  for  profile 
:onvexity,  and  -500  and  *500  for  plan  convexity.  It  was  therefore  convenient  to  use 
class  widths  of  1  and  10  respectively,  giving  100  classes  in  each  case.  Fewer  classes 
would  obscure  the  shape  of  the  relatively  narrow  frequency  peak.  The  number  of  values 
lying  beyond  each  extreme  is  printed  beneath  the  histogram. 
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:  the  widely  available  programs,  S.P.3.S  produces  terrible  histograms;  tor  some 
-ran  vn  i eason  it  separates  each  horizontal  bar  of  a  histogram  by  four  blank  lines 
A  .j.ally  written  program  was  available,  but  it  was  found  more  convenient  to  call  the 
MIDAS  package  program  To  the  le:t  of  each  frequency  bar  this  gives  first  the  count 
: i e^uency ■  to:  that  class,  then  the  percentage  of  values  in  the  histogram  falling  in 
..'.at  class,  and  finally  the  c  iass  midpoint  (with  an  excessive  number  of  zeroes,  to 
u  low  for  .lass  widths  .ess  r. anded  than  ours;  C.ass  limits  are  included  in  the 
lass  above  The  first  and  last  classes  are  half  the  width  of  the  others,  and  the 
.ast  (highest)  class  induces  .ts  upper  limit.  The  major  defect  of  this  program  is  the 
acsen. e  or  .umulated  T  frequencies,  which  are  needed  for  percentile-based  statistics 
number  of  cases  per  cross  r.  the  symbolised  bar  is  printed  at  the  top  of  the 
. is t. gram  having  been  selected  automatically  so  that  the  line  printer  paper  width  is 
not  exceeded  The  last,  however,  represents  the  remainder  :  if  the  scale  claims 
»•  h  X  •  3 j  one  X  represents  either  1,  2  or  3  cases,  and  10  is  represented  by  four  Xs 

The  (visual;  symmetry  of  histograms  tor  both  types  of  convexity  justifies  the 
definitions  -sed  It  signs  were  ignored  so  that  one  limb  was  'folded  over'  onto  the 
t:.ei,  or  if  the  positive  ar.d  r.egati'  e  halves  were  considered  separately  they  would  be 
.'-shaped,  and  moment  statistics  would  be  difficult  to  interpret. 

Numerical  summary  cf  the  results,  following  F.vans  (1972),  is  in  terms  of  the  moment 
easures  mean,  standard  dev  iation  R.MS)  ,  skewness  and  kurtosis  These  aie  based 

respectively  on  the  fust,  second,  third  and  fourth  powers  of  deviations  about  the  mean 
:  about  zero,  for  the  mean  itself  The  first  two  ere  in  the  same  units  as  the  origins. 
.1-es  but  skewness  ar.d  kurtosis  are  standardised  to  be  dimensionless  measures  of 
distr. ration  shape  Because  only  even  (second  and  fourth)  powers  er.tei  into  the 
a  1  ...ation  of  rude  kurtosis,  only  positive  values  are  possible;  a  Gaussian  distribution 
.".as  a  crude  kurtosis  of  J  O  We  have  followed  the  convention  of  subtracting  3  from  the 
initial  value  for  kurtosis,  so  that  the  Gaussian  expectation  is  zero,  as  for  skewness 
•-•ever,  skewness  ranges  from  minus  to  plus  infinity,  while  kurtosis  thus  modified 
ranges  from.  -3  0  to  plus  infinity.  Positive  kurtosis  indicates  that  the  peak  and/or 
tails  of  the  distribution  are  more  prominent  than  in  a  normal  distribution;  negative, 
that  the  peak  is  broad  ar.d  or  the  tails  underdeveloped  (Finucan,  1964).  Skewness 
.ndi  ates  which  tail  is  the  more  prominent,  the  positive  or  the  negative. 
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Th«  moments  aie  calculated  by  the  terrain  analysis  prograir.  0MY6  but  the  formulae 
used  are  the  same  as  in  S  P.S.S  (Nie  et  a lj  1975)  and  it  has  been  checked 

that  the  results  are  identical  Maximum  and  minimum  values  are  printed  in  the  same 
table,  since  they  are  olten  useful  in  checking  data  and  in  the  interpretation  of 
higher  moments 

Zero  gradient  points,  as  discussed  in  section  (2e),  have  to  be  treated  specially 
because  they  lack  a  full  set  of  descriptors  Hence  they  are  omitted  completely  from 
the  first  summary  table  (correspond ing  to  deletion  of  incomplete  cases).  They  are 
included,  wherever  possible,  in  a  second  summery  table  on  the  same  page,  below  the 
correlation  matrix  Table  -«  exemplifies  this  page  of  summary  statistics 

The  adoption  of  skewness  and  kurtosis  as  routine  descriptors  implies  that  there 
is  no  easy  and  acceptable  way  of  transforming  these  frequency  distributions  into 
approximately  Gaussian  (normal)  distributions  (Mosteller  and  Tukey,  197',  ch.5; 

Kruskal,  19o8/  This  was  investigated  in  Report  *»  for  gradient  frequency  distributions 
generated  in  four  quite  different  ways  It  was  concluded  that,  even  within  one  type  of 
data,  different  transformations  were  required  for  gradients  in  different  areas.  This 
is  ever,  more  likely  to  hold  for  altitude  The  most  useful  transformations  for  gradient 
are  the  logarithm  of  tangent  (Speight,  1971)  and  the  square  root  of  sine,  but  some 
homogeneous  data  sets  such  as  that  for  the  Kerro  basin  are  best  left  untransformed. 

It  will  be  shown  that  geomcrphic  interpretations  are  available  for  skewness  and 
kurtosis,  at  present,  it  seems  best  to  use  these  rather  than  perform  transformations 
which  dc  not  normalise  the  data. 

Moment  descriptors  are  not  appropriate  for  aspect,  which  has  a  circular  scale; 
its  conventional  expression  in  degrees  east  (clockwise)  from  north  masks  the  fact 
that  its  extremes  are  coincident  (0  360°).  Central  tendency  in  aspect  is  measured 

by  the  direction  of  the  resultant  vector,  and  the  strength  of  this  tendency  (an  inverse 
measure  of  dispersion;  is  given  by  the  vector  strength,  i  e.  the  length  of  the  resultant 
expressed  as  a  proportion  of  the  total  length  of  the  vectors  summed  (Curray,  1956: 
see  a. so  Mardia,  1971)  Both  measures  are  printed  below  the  summary  table,  giving  equal 
weight  to  each  observation  of  aspect  (unit  vector).  But  it  was  noted  above  that  the 
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Hence  a  second,  weighted  calculation  is 


importance  o:  aspect  increases  with  gradient 
mace  m  whiuh  the  length  or  each  input  ve  tor  is  proportional  to  gradient  in  degrees, 
and  this  is  printed  next  The  difference  between  the  two  pairs  of  results  is  often 
considerable,  weighting  produces  a  great  reduction  in  strength  Asymmetry  due  essentially 
to  gent.e  slopes  is  of  suspect  importance,  and  often  reflects  only  the  del  ir.  i  tat  ion  of  the 
study  area 

Table  5  gives,  in  readily  compared  form,  the  summary  statistics  for  eight  matrices; 
three  in  the  Cache  area,  three  for  square  areas  in  glaciated  mountains,  and  two  (Ferro 
and  Gold  Creek)  for  fluvial  drainage  basins  These  statistics  will  be  reviewed  briefly, 

.n  order  to  elucidate  their  geomorphic  meaning 


■ao-e  j  Summary  statistics  for  the  eight  matrices  analysed  to  cate  Mean,  standard 


deviation  (SD) 

,  ske  VT.  CSS, 

,  kurtosi 

s,  maximum  and 

r.inirr.u an 

are  given 

for  each  property 

aspect  For  aspect,  the 

direction  ('mean')  and 

strength 

of  the  resultant  vector  are 

giver,  with  and 

without  weighting 

by  gradient 

Mesh,  vertical  resolution  and  size  of 

data  set  are  also  given. 

ALT  ITl'DE 

AREA 

MEAN 

SD 

SKEW 

Kl'RT 

MAX 

MIN 

Cache  1 

379 

5.5 

♦  -26 

“  .  *4*^ 

398 

367 

Cache  2 

-0- 

22.9 

♦1  .  "9 

♦2.31 

-82 

379 

Cache  3 

-39 

■7 

♦  580 

-.-9 

526 

403 

Terr  idcn 

--5 

152.6 

♦  '28 

♦.21 

980 

33 

Thvera 

881 

229.6 

-  .5-0 

.  a.  •' 

1368 

263 

Nupur 

--9 

191.9 

-  .2-6 

-.96 

776 

10 

Kerro 

-45 

2  1  a  4 

♦  392 

-  12 

11-6 

8 

Gold  Cr . 

686 

15  8 

-  .191 

-1.50 

692 

639 

GRAD  I EN 

T 

Cache  1 

1.36 

1  01 

♦  2.92 

♦  i  9  -- 

15.29 

.38 

Cache  2 

3.-5 

3  88 

♦1.83 

♦2  58 

23.12 

.38 

Cache  J 

5.8- 

3.70 

♦  .  46 

-  .53 

21.67 

.38 

Terr  idon 

1-.  ' 6 

1 1 . 09 

♦1  .01 

♦  .15 

5-. 85 

.58 

Thv era 

21.37 

10.51 

♦  12 

-1  .07 

51.27 

.48 

Nupur 

21.87 

12.43 

♦  .  19 

-  .97 

59.14 

.  48 

Ferro 

13.07 

5.04 

♦  .04 

♦  .21 

35.00 

.95 

Gold  Cr 

-.95 

2.65 

♦1  .45 

♦3.35 

20.32 

.  14 

PROFILE  CONVEXITY 

Cache  1 

-.15 

6  99 

♦  .  74 

♦38.25 

112.5 

-116.3 

Cache  2 

-.36 

6.79 

♦  .08 

♦  2.26 

38.8 

-  39.3 

Cache  3 

-  60 

8.55 

♦  17 

♦  1.93 

44.6 

-  41.8 

Torr id on 

-.  88 

8  45 

♦1.14 

♦12.-8 

73.2 

-  76.8 

Thvera 

-  09 

10  13 

♦2.25 

♦10.92 

99.8 

-  79.4 

Nupur 

♦  .39 

11  89 

♦1 .  31 

♦  9.03 

112.2 

-116  6 

Ferro 

-.61 

6 . 54 

*  .06 

♦11.69 

77.7 

-  88.6 

Gold  Cr. 

♦1 .42 

23.45 

-1.08 

♦14 . 88 

83.1 

-  43.3 

Table  3 

(.  cont  mued) 

PLAN  CONVEXITY 

AREA 

MEAN 

SD 

SKEW 

KURT 

MAX 

MIN 

Cache  1 

♦  7.18 

281  6 

♦  48 

13.4 

1833 

-1833 

Cache  2 

*-.73 

218.1 

*  32 

21.7 

1633 

-9167 

Cache  3 

*6.64 

201.5 

♦  6.80 

173.3 

6-17 

-1833 

Tomdon 

*1.92 

60  1 

-12.97 

818.3 

1031 

-3123 

Thver a 

♦  -3 

59.9 

*6  1 4 

201 . 5 

1789 

-1146 

Nupur 

-  67 

52.7 

♦  2  27 

60.7 

999 

-  688 

Ferro 

-  81 

70.8 

-1  52 

20  7.9 

1833 

-206  3 

Cold  Cr 

*-0.52 

519  - 

♦  26  58 

1177.9 

23354 

-26  35 

ASPECT. 


Unit 

vectors 

Gradient- 

we 

: ghted 

MEAN 

STRENGTH 

1  MEAN 

STRENGTH 

Cache  1 

242 

_  -  __ 

239 

007 

Cache  2 

243 

A  #  A 

*.**«. 

.021 

Cache  3 

329 

.200 

3-3 

021 

Terr  idon 

015 

180 

00- 

.017 

Thvera 

049 

085 

096 

021 

Nupur 

095 

.113 

079 

044 

Ferro 

081 

.  126 

076 

.029 

Cold  Cr  . 

076 

530 

07- 

.0-9 

NUMBERS  OF: 


INCLUDED 

POINTS 

PLAINS 

OTHER 

ZERO 

GRADIENTS 

GRID 

MESH 

VERTICAL 
Rh SOLUTION 

8540 

1011 

53 

25m 

lm 

8983 

595 

26 

25m 

lm 

9-81 

110 

13 

25m 

lm 

9372 

227 

5 

100m 

lm 

9993 

6 

1 

100m 

5m 

6013 

70 

1 

100m 

5m 

11582 

211 

3 

100m 

10m 

34-  7 

0 

0 

7.62m 

.03m 
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Mean  altitude  is  important  mainly  as  a  descriptor  of  location,  and  has  no 
direct  implication  as  to  land  surface  form  except  that  (on  land)  a  low  mean  is 
unlikely  to  be  accompanied  by  high  variability.  The  latter  is  measured  by  standard 
deviation,  which  Evans  (19T2)  recommended  as  a  more  stable  alternative  to  the  commonly 
used  range  o:  altitude  (relief);  Mark  (19'5a)  still  preterred  the  range.  Standard 
deviations  are  high  not  only  for  the  three  glaciated  mountain  areas,  but  also  for  the 
Eerro  basin  (see  chapter  below).  The  small  Cold  Creek  basin  (near  Canberra, 

Australia)  and  the  Cache  areas  (see  Chapter  5,  below)  have  much  less  variability  in 
altitude,  though  ever.  Cache  I  is  not  a  plain. 

Skewness  or  altitude  reflects  the  relative  lengths  of  the  upper  and  lower  tails 
or  the  frequency  distribution  It  the  mode  is  high  relative  to  the  range  of  values 
(cf.  a  plateau  area),  skewness  is  usually  negative;  if  it  is  low  (cf.  an  instiberg 
areaj  ,pos  it ive  skew  is  expected  The  positive  skew  of  Cache  represents  the  extent  of 

lowland  among  the  mountains,  while  that  of  Torridon  is  due  tc  the  breadth  of  glacial 
trough  floors,  exceeding  that  of  mountain  tops.  For  different  reasons,  Ferro  has  a 
broad  alluvial  va.ley  : loor  while  its  divides  arc  sharp,  and  this  gives  mild  positive 
skew  Nupur  and  Thvera  have  areas  of  flat  (basaltic  lava)  summit  plateaus;  the  cirque 
floors  are  relatively  high,  and  few  valley  floors  are  incorporated,  sc  altitudes  have 
small  negative  skews  None  o:  the  a.titude  statistics  distinguishes  glaciated  from 
other  mountains 

Kurtcsis  of  altitude  is  weakly  negative  in  almost  all  cases,  reflecting  the  absence 
of  long  tails  in  the  altitude  frequency  distributions.  This  in  turn  reflects  the  strong 
positive  spatial  autocorrelation  of  altitude  The  one  exception  is  Cac1  \  where 
the  (.positive)  tail  comes  from  mixture  of  a  small  upland  with  an  area  which  is  dominantly 
lowland . 

Mean  gradients  increase  in  line  with  variability  in  altitude,  except  that  Ferro  is 
not  so  steep  as  the  glaciated  mountains,  and  its  gradients  are  much  less  variable. 
Standard  deviation  of  gradient  relates  mainly  to  mean  gradient,  except  that  again 
Cache  2  is  more  variable  than  expected  Skewness  of  gradient  is  positive  in  all  cases, 
especially  those  with  low  mean  gradients  where  the  lover  limit  of  zero  is  much  closer 
than  the  upper  limit  cf  90  degrees.  Ferro,  Thvera  and  Nupur  are  almost  unskeved,  but 
only  Ferro  approximates  a  normal  distribution;  the  others  have  very  broad  modes 
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and  shot  t  tails,  hence  negative  kurtosis.  Torndon  ditters  from  the  other  two  glaciated 
mountain  areas  in  having  normal  kurtosis  and  positite  skew;  like  its  positively  skewed 
altitude,  this  may  retiect  the  extent  of  valley  tloors.  Otherwise  (e.g.  for  Cache) 
skewness  in  excess  ot  1  0  produces  positive  kurtosis. 

Convexity  statistics  are  more  ditiicult  to  interpret,  and  the  reader  is  relerred 
to  later  chapters  tor  discussion  ot  Cache  and  Ferro.  Both  tor  profile  and  for  plan, 
mean  values  should  approximate  to  zero,  since  convexities  will  be  balanced  by  concavities 
except  in  limited  areas  or  in  exceptional  topographies.  This  is  indeed  the  case  (the 
jold  Creek  basin  covers  a  very  small  area"!  and  no  useful  generalisations  car.  be  made 
tor  example  about  mean  values  tor  the  three  glaciated  mountain  areas. 

Standard  deviations  ot  convexity  express  the  general  magni tude  of  curvjture, 
with  convexity  and  concavity  undistinguished  The  results  are  consistent  for  the  eight 
uieas  studied,  except  that  (ij  values  tor  Gold  Creek  are  remarkably  high,  both  in  - 
and  m  plan;  and  (ii)  plan  convexities  are  much  higher  tor  Cache  than  for  Ferro  and  the 
g.aciated  mountain  areas  -  this  is  probably  due  to  data  problems  (Chapter  5).  Otherwise, 
standard  deviations  are  between  ^.5  and  Id  0  degrees  per  lOOr.  for  profile  convexity, 
and  between  5C  and  '1  for  plan  convexity.  The  exceptionally  high  values  for  Gold  Creex 
may  be  a  true  reflection  of  the  much  finer  grid  mesh  (?  62m)  and  vertical  solution 
(  03&) 

A  remarkable  consistency  is  that  skewness  of  profile  convexity  is  positive  for 
all  areas  except  Gold  Creek  For  the  glaciated  mountains  it  exceeds  *1.0.  This 
a-ggests  that  frequent  gentle  concavities  are  balanced  by  fewer  but  more  extreme 

*.  xi  •  •  •  s ,  a  'p  ly.  .  r.c  a  v  surtax  :.  1  have  predicted  should  be  found  where 

lrques  and  aretes  are  common 

This  comparison  between  convexities  and  concavities  for  glaciated  mountains  is 
presented  in  Table  6,  which  affirms  the  impression  given  by  skewness.  Taking  profile 
urvatures  in  excess  of  -OS'"  100m,  convexities  outnumber  concavities  by  34  to  11  in 
Torndon,  by  53  to  4  in  Nupur,  and  by  a  remarkable  86  to  1  in  Thvera.  Obviously  ridges 
a: e  much  sharper  than  val.eys  in  all  three  areas  The  sequence  Torridon  :  Nupur  :  Thvera 
is  aiso  a  sequence  of  increasing  positive  skew,  and  relates  to  a  map  interpretation  of 

increasing  degtee  ,  ,  u.mia:  •  Tin  mar!  ed  mbalance  continues  through  the  next 

0  o 

10  class  of  curvature  (especially  for  Thvsr a 1 ,  until  at  around  1> 


t '  rtf*  is  a 


Table  6.  Summarised  frequency  distributions  of  convexity  for  the  three 

glaciated  mountain  areas.  Numbers  of  convexities  (♦)  and  concavities 
(-)  are  juxtaposed,  for  each  magnitude  range  (degrees  per  100m  in 
each  case) . 


PROFILE  CONVEXITY 


Torr  idon 


Ttavera 


Nupur 


above  50  0 

9 

18 

1 

41 

0 

4. 

26 

•♦0.5  to  50.0 

16 

0 

47 

27 

30.5  to  40.5 

13 

*4  *4 

0 

107 

11 

117 

20.5  to  30.5 

58 

105 

30 

219 

59 

201 

10.5  to  20.5 

580 

--1 

784 

507 

602 

417 

1  5  to  10.5 

396- 

1994 

-109 

2209 

2229 

1385 

0.5  to  1  5 

776 

620 

692 

5-3 

330 

281 

total s 

5402 

3238 

5616 

3673 

3235 

245- 

♦  0 . 5  to  -0  5 

732 

704 

324 

overall  totals 

9372 

9997 

6013 

median 

- 

1.423 

- 

1.395 

-1 

.  192 

me  an 

- 

.8’7 

- 

.094 

♦  m 

391 

skew 

♦ 

1 . 1-5 

♦ 

2.252 

♦1 

.313 

? LAN  CONVEX  IT': 

k 

- 

o  r  r i d  on 

Thvera 

Nupur 

- 

♦ 

- 

♦ 

—  4- 

above 

500 

•y 

9 

5 

19 

2  6 

-05  to 

500 

5 

•4 

2 

9 

3  3 

3C5  to 

-05 

6 

2 

11 

6  5 

205  to 

305 

0  / 

4b  *4 

31 

18 

35 

16  24 

105  to 

205 

129 

107 

75 

137 

78  77 

1 5  to 

105 

2010 

23-4 

2138 

1360 

1377  1215 

5  to 

15 

1222 

153- 

1972 

1485 

915  982 

totals 

3398 

4036 

**212 

3056 

2397  2312 

♦  5  to 

-5 

1938 

2725 

1304 

over a  1 

1  totals 

9372 

9993 

6013 

median 

♦ 

.165 

- 

.212 

-.033 

mean 

♦ 

1.924 

♦ 

.427 

-.673 

skew 

-1 

2.973 

♦ 

6.338 

♦2.271 

-  46 


:"ti  pc  in 


All  medians  are  negative, 


t,  below  which  cor.cuv.  ties  cotr.ur.be  r  convexities, 
but  their  order*  iocs  :  :  agree  with  that  based  on  skewness,  or.  the  extrer.es  and  on  the 

rap  interpretations 

l.e  correspond  ing  p.ar.  convexities  do  not  present  such  a  clear  picture;  indeed,  those 
tor  Tcrridon  ha% e  a  strong  negative  skew  despite  convexities  outnumbering  concavities 
.in  excess  o:  500'  LOObr.  by  s  to  1  The  other  two,  however,  show  positive  skew, 
negative  medians,  and  a  preponderance  o:  convexities  which  for  Thvera  extends  down  to 
105'  100m  but  tor  Nuput  as  tor  Torridon)  only  applies  in  excess  of  500°  100c.  Thvera 
is  again  the  most  extreme  The  ’ polyconcav i cy '  o:  a  cirque-und  trough  lands  ape  implies 
sharper  convexity  in  p.ar.  as  well  as  profile,  but  it  appears  that  this  is  apparent 
tirst  ir.  pro:  ile  convexity,  and  cr.y  shows  in  plan  convexity  for  areas  very  well 
dissected  by  loca.  glaciers 

Kurtosis  o:  convexity  is  strong. y  positive  in  all  cases  because  of  the  long  tails, 
particular  pattern  .  ..r.  be  uis.err.ed  in  its  relative  magnitude,  which  is  very  strongly 
influenced  by  extreme  points 

The  use  ot  quantile-baseo  statistics  lr.stcac  ot  moments  might  be  worth  investigation, 
r_t  it  might  hioe  interesting  ditfcrer.ces  in.  the  extreme  tails  such  as  those  discussed 
:_r  the  convexity  gla.iated  mountains  The  moment-based  statistics  are  generally 
sa  1 1  sr  ac  tor  y  except  t..at  nor.-ze:c  skewness  produces  a  bias  tc  positive  kurtosis, 

Indeed,  positive  skewness  and  kurtosis  are  positively  correlated  in  many  families 
ct  theoretical  frequency  distributions  Kurtosis  might  be  a  more  useful,  independent 
stat.stic  if  it  were  measuteu  alter  a  t  r  ar.s :  o  rm.at  ion  to  zero  skewness  (Box  and  Cox, 

.  kt><!  ir.  this  way,  the  :  e  .atior.ship  between  skewness  ar.d  kurtosis  could  be  removed 
anu  kurtosis  interpreted  as  the  relative  importance  of  the  tails  at  zero  skew. 

The  va.ue  c:  summary  statistics  could  be  summarises  by  describing  the  glaciated 
mountain  areas  as  having  high  mean  and  variability  of  gradient,  high  variability  of 
altitude,  positive  skew  profile  convexity  and  an  excess  of  strong  positive  plan 
convexities 
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Vector  mean  aspects  are  around  230°or  330c  lor  Cache  (but  see  chapter  5c), 
and  northward  or  eastward  lor  the  other  matrices.  Gold  Creek  and  Cache  2  have 
quite  strong  directional  tendencies  when  each  observation  is  given  unit  weight, 
hike  all  the  others,  however,  this  tendency  is  very  weak  -  only  a  few  percent  - 
alter  weighting  by  gradient.  The  remarkable  thing  is  that  this  pronounced  weakening 
is  not  ac ..  ompani  ed  by  much  of  a  change  in  the  vector  mean.  This  changes  most 

O  ,00 

(by  :or  Thvtra,  otherwise  by  only  1  to  16  . 


■  -  )  Rep  1  ic  ab  1 1 i  ty 

1 1  these  statistics  die  to  be  interpreted  as  characteristic  o!  topography 
within  a  broader  region,  it  is  interesting  to  know  how  they  very  when  the  square 
'sample  died'  is  disp.Uced  (Jiver.  the  cost  ol  replicating  sample  areas,  the 
easiest  wav  to  obtain  some  idea  o:  this  variation  is  to  subdivide  a  sample  area 
and  repeat  all  calculations  tor  each  sub-area  This,  indeed,  was  done  lor  the 
Cache  area,  but  with  the  deliberate  intention  of  studying  variation  between  an 
upland  and  a  lowland  area  Chapter 

The  Thvara  altitude  matrix  is  .urge  enough  (10-  x  IOC  to  he  subdivided  into 
four  quadrantc;  n  rthwaat,  ...  rtheaat,  aouchvast  a:»;  aouthtaat.  Although  then 
quadrants  are  r.ot  too  dissimilar  m  appearance  on  the  topographic  map,  it  must 
be  ramembered  that  their  smaller  dimensions  mean  that  they  may  not  be  large  enough 
to  provide  repli-able  statistics.  With  this  major  qualification  in  mind,  we  mas- 
ask  the  question:  'which  statistics  are  stable,  and  which  vary  excessively  from 
one  quadrant  to  another  1 ' 

’.able  oa  gives  the  statistics  tc  be  compared.  Altitude  has  the  most  stable 
frequency  distribution.  In  this  area,  the  maximum,  is  mere  stable  than  the  mean; 
skewness  and  kurtesis  are  consistently  negative,  with  kurtosis  the  more  variable. 
For  gradient,  the  standard  deviation  and  near-zero  minimum  are  most  consistent  : 
xurtc  sis  is  negative  throughout,  hut  skewness  is  unstable.  For  the  convexities, 
standard  deviations  are  fairly  stan.e  and  kurtosis  is  strongly  positive  but 
•  atiab.e;  skewness  is  consistently  positive  only  for  profile  convexity.  Maxima 
ate  aria:  .e  and  minima  are  quite  unstable.  Means  oscillate  around  zero.  None 
o'  the  aspe  .  t  statistics  is  stable  :  «.  .  g  c .  .  6  by  gradient  u  .  cs  vector 

strength  to  .ess  than  aCT  of  the  unweighted  value. 

The  most  stable  correlation*  are  those  between  altitude  and  the  convexities, 
especially  profile.  Correlations  of  profi.e  convexity  with  plan  convexity  and 
r.egati  ely  with  gradient  are  moderately  consistent,  but  other  correlations  are 
negligible  or  unstab. e.  The  positive  correlation  between  altitude  and  gradient 
varies  from  .06  to  .30. 
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Table  6 a  Sunssaty  statistics  and  linear  correlations  for  the  four  quadrants  of  the 
Thvara  matrix,  N  C  Iceland  Mean,  standard  deviation  (SD),  skewness, 


kurtosis,  maximum  and  minimum  are  given  tor  each  property  except  aspect. 
For  aspect,  the  direction  ('mean')  and  strength  of  the  resultant  vector 
are  given  with  and  without  weighting  by  gradient.  Supplied  by  J.S.  Gill. 

ALT  ITU'DE 


QUADRANT 

yv 

AN 

SD  SKEW 

KURT 

MAX 

MIS 

SW 

863 

213  -.236 

-.-21 

1318 

359 

NE 

8 

19 

239  -  502 

-.600 

1306 

263 

sw 

992 

150  -  362 

-.204 

1356 

541 

SE 

8-0 

262  -  238 

-  822 

1366 

310 

RANGE 

* 

IT!  T6c 

bl8 

62 

TT7S 

GRADIENT 

NV 

•e 

10.5  .203 

-1.037 

51.3 

0.7 

NE 

2- 

3 

9  9  -.239 

-1.003 

49.6 

0.7 

SW 

A 

A 

9.6  .6-1 

-  38' 

48.2 

0.5 

SE 

7  7 

10. b  -.019 

-1 .076 

46.5 

0.7 

RANGE 

s 

To  Me 

.689 

“TT 

0.2 

PROFC 

SW 

.08 

10.9  2.137 

8.053 

73.7 

-26.2 

SE 

- 

0- 

11.0  2  613 

1-  304 

95.6 

-79.4 

SW 

15 

90  1.599 

5.833 

6«« .  7 

_  ■>  7  / 

^  .  .  *4 

SE 

- 

-5 

9.2  2.3-1 

13.098 

99.8 

-2-.7 

RANGE 

So 

!.0  1 .014 

ITT 

T5Ti 

54  .) 

PLANC 

sw 

2 

.15 

'0.1  13.323 

2 '2 .095 

1789 

-  286 

SE 

- 

.  *4  *a 

65  3  .75- 

128.860 

1077 

-1146 

sw 

i 

•  a  a 

50.0  -1.450 

153.768 

688 

-1146 

SE 

09 

50.8  5.525 

91.409 

993 

-  425 

RANGE 

T 

TT 

TT!  14. "3 

:  80 .  eM 

i  ioi 

8&0 

ASPECT 

Uni 

t  vectors 

Grad  lent -weigh ted 

MEAN 

STRING 

TH  MEAN  STRENGTH 

NV 

002.8 

264 

342 

.  l 

070 

SE 

072.7 

.  128 

105 

.0 

048 

sw 

262.  1 

.  108 

211 

.  4 

024 

SE 

10-  .  2 

208 

123 

*  1 

070 

RANGE 

"26: .  i 

.  156 

(229.3) 

066 

CORRELATIONS 

ALT: GRAD 

at 

T : PROFC  ALT : PLANC  GRAD 

: PROFC  GRAD: PLANC 

PROFC :PLANC 

sw 

.  195 

.  369 

.191 

.070 

-.028 

.094 

NE 

.  190 

.338 

.228 

.059 

.062 

.214 

SW 

.061 

.363 

.251 

.081 

.022 

.154 

SE 

.  102 

.366 

.  226 

.025 

.029 

.226 

RANGE 

.2-1 

.W1 

’  7o$o 

.056 

.040 

— rnr 
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Most  o!  the  tendencies  considered  noteworthy  aoove,  for  the  whole  matrix, 
apply  to  each  oi  the  quadiants  Gradient  has  various  skews  for  the  quadrants, 
but  little  skew  overall,  and  the  positive  skew  of  plan  convexity  is  based  essentially 
on  two  quadrants  Mean  gradient  and  standard  deviation  of  altitude  are  perhaps 
rather  more  variable  than  expe.ted  On  the  whole,  however,  the  similarity  of  land 
surtace  form  in  four  quadrants  of  Thvera  is  supported  by  these  statistics 

A  different  type  of  replication  is  possible  when  ' thinned-out ' grids  of  200m 
or  3 00 a  aesh  are  analysed  Starting  t too  'a  grid,  there  are  four  possible  200m 
grids  and  nine  possible  3  'a  grids  The  ranges  of  statistics  produced  for  the 
central  half  (40  x  bu)  of  the  Nupur  matrix  a: e  given  in  .able  Ob,  together  with  the 
four  sets  of  statistics  for  100m  (samples  A  D)  ;  the  nine  sets  of  3(X'm  results 
would  take  too  auc:-.  spa.  e  Whereas  t:.e  previous  table  considered  spatial  replication 
between  different  but  adja  ent  sample  areas,  this  table  presents  the  results  of 
repeated  sampling  within  the  same  area  It  thus  provides  some  idea  of  the  inherent 
variability  in  the  method  tor  th.s  «rse  grid  aesh  and  this  (smaller  than  usual) 
sample  size,  whereas  a:.e  o*  a.s  inc  rp  rates  spatial  variation. 

As  expected,  lab.*  o  shows  mu  rvre  stability  than  Table  oa.  Altitude  and 
gradient  statist,  s  a:«  extreme. v  sta'  .e,  t  :.e  tour  .  Dm  values  for  mean  gradient 
range  threug’  r.ly  -T  . :  t  e.r  -ear.  -a.-e  Kven  the  weak  positive  skew  and  negative 

*...rt  sis  of  gradient  a-e  sta  .e  •  m  stat. sties  for  altitude  and  gradient  have 

ranges  about  twi.e  as  gieat  as  .  -  a  a  _es  Ihis  is  not  the  case  for  profile  convexity 

and  plan  cr.exi:  is  m^st  unstab  le  for  .  1  r. ,  even  though  extreme  values  are  equally 
treq-er.t  at  -  But  t  e  p .  an  convexity  statistics  are  extremely  unstable  throughout: 
apparent.;.'  a  sample  .  :  -  .  s  inadequate  f.r  this  long-tailed  frequency  distribution. 

Profile  convexity  statistics  are  reasonably  stable  except  for  kurtosis,  and  even 
that  is  consistently  positive  both  at  2(V‘m  and  at  300rc.  Also  at  both  scales,  maximum 
profile  convexity  is  more  extreme  than  minimum,  i  e  convexities  are  sharper  than 
concavities  Aspe.it  statistics  are  now  consistent  throughout,  quite  unlike  Table  4a; 
despite  the  weak  vector  strengths,  the  mean  is  eastward  with  or  without  gradient- 
weighting 
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Table  6b  Summary  statistics  and  linear  correlations  for  four  200tr.-mesh  samples 
of  the  central  half  of  the  Nupur  matrix,  N.V  Iceland,  each  displaced 
100c  troc  the  others  in  the  original  lOOm-mesh  data.  Mean,  standard 
deviation  (SD),  skewness,  xurtosis,  maximum  and  minimum  are  given  for 
each  property  except  aspect  lor  aspect,  the  direction  ('mean')  and 
strength  of  the  resultant  vector  are  given  with  and  without  weighting 
for  gradient  Each  200m  sample  provides  740  values  of  the  derivatives. 
The  nine  300m  mesh  samples  of  the  same  area  each  provide  300  values. 
Ranges  of  the  resulting  statistics  are  giver,  for  comparison  with  the 


200m  ranges 

Supplied  by  J 

S  Gill 
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IT  I'D!. 
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MEAN 

SD 

SKEW 

Kl'RT 
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MIN 

A 

4  78 

189.8 

-  381 

-.87 

•  •  • 

48 

B 

'a  «. 

19-  1 

-.367 

-.88 

786 

35 

C 

*•7  7 

190.9 

-.365 

-.89 

772 

48 

D 

*•72 

19  5  1 

-  357 

-  91 
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34 

200m  RANGE 

6 

5.3 

024 

.04 

*  T  •> 

A  ! 

14 

300c  RANGE 

13 

9.2 

.04* 

.05 

39 

28 

GRADIENT 

A 

19  43 
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♦  118 

-.71 
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.34 

B 
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9.63 
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-.83 

-2.6 

.34 

C 

19  35 
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.34 

D 
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♦.092 
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43.0 
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.04 

TIT- 

00 
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.31 
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A 
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14  .0 

3 

*  557 

6  62 
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♦  26 

24.9 

13.4 

C 

*  630 

7.05 

♦  96 

♦  1 .  76 

38  8 

16.8 
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The  most  remarkably  consistent  correlation  is  the  strongest,  that  between 
altitude  and  profile  convexity  Correlations  involving  plan  convexity  are  unstable, 
probably  because  of  the  influence  of  extreme  values  Others,  however,  are 
consistent  in  sign  even  when  very  weak  In  general  these  results  support  use  of  the 
statistics  chosen,  except  for  p.an  convexity  where  further  studies  of  replicability, 
extreme  values,  and  sample  sice  are  required 


( 3d)  Maps 


Although  it  is  very  necessary  to  use  frequency  distributions  and  related  numerical 
summaries  when  describing  an  area,  their  utility  is  limited  in  that  values  are  abstracted 
f com  their  geographic  positions  Since  relative  positions  are  highly  important  in 
understanding  patterns  in  the  data,  frequency  distributions  must  be  complemented  by 
maps  Indeed,  many  of  the  characteristics  of  frequency  distributions  are  easily 
interpreted  only  by  reference  to  the  corresponding  maps.  Maps  are  also  desired  as  an 
end-product  in  many  applications. 

It  is  now  feasible  to  produce  high-quality  maps  from  specialised  computer  output 
devices,  but  this  involves  joining  a  diflerent  job  queue,  one  which  usually  moves 
more  slowly  than  that  for  the  line  printer  The  first  priority,  then,  is  to  produce 
maps  or.  the  line  printer  to  accompany  the  histograms  and  statistics.  further  maps 
can  be  produced  later  if  the  files  of  derivatives  are  stored,  and  they  car.  be  designed 
to  take  account  of  characteristics  portrayed  by  the  line  printer  maps.  for  example, 
maps  of  gradient  and  of  profile  convexity  have  been  produced  on  a  larger  drum  pen 
plotter,  with  contouring  by  the  CPC?  package.  Convexity  surfaces,  however,  are 
extremely  rugged,  with  contour  lines  which  are  closely  spaced  and  too  complex  for 
easy  interpretation 

For  the  density  ot  information  to  be  portrayed  here,  it  is  best  to  produce  a 
shaded  symbol  for  each  value,  with  such  data,  an  attempt  to  produce  contour  lines 
on  the  »ine  printer  would  result  in  chaos.  The  production  of  acceptable  shading  is 
easy  given  a  line  printer  _hain  with  special  characters  (Coppock,  191.  )  or  modern 
equipment  such  as  the  electrostatic  printer  plotters  produced  by  Versatec.  Unfortunately, 
neither  is  yet  available  in  Durr.am  Difficulties  encountered  in  producing  a  scale  of 
intensities  of  shading  using  ordinary  line  printer  characters  were  discussed,  for 
example,  by  the  Experimental  Cartography  Vnit  (1971).  The  main  problem  is  to  avoid 
an  'inversion'  in  the  scale,  whereby  a  lower  class  appears  darker  than  a  higher  one, 
as  when  all  ten  classes  of  the  widely  used  SYMA?  program  default  are  used:  the  resulting 
synoptic  view  is  misleading  and  the  symbols  must  be  interpreted  qualitatively,  class 
by  class  The  surest  way  of  avoiding  an  inversion  is  by  overprinting  an  extra  character 
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lor  every  higher  class  (Siccama,  1972) 

With  ordinary  line-printer  symbols,  it  is  desirable  to  use  a  small  number  of 
classes  This  number  should  be  even  if  the  mean  value  is  to  be  used  as  a  class  limit, 
a  central  reference  point  Hence  six  classes  were  chosen,  with  a  single  overprint 
for  the  fourth  and  fifth,  and  a  triple  overprint  for  the  sixth  (darkest)  class, 
using  the  following  symbols. 

-  0  0-  OX  OXAV 

The  symbols  are  chosen  to  be  as  symmetrical  as  possible,  avoiding  perceptually 
distressing  linearity  The  cr.e  problem  is  that  although  the  sequence  of  increasing 
darkness  seems  clear-cut  on  a  typewriter,  m  practice  the  frequent  use  of  full 
stops  on  line  printers  causes  the  symbol  to  spread,  becoming  as  dark  as  the  *  or 
even  the  0  For  similar  reasons,  daricness  may  vary  across  the  page.  The  resulting 

maps  (Figs  23,  23-27,  36,  38-*0)  show  good  distinction  in  darkness  between  the  top 
four  classes:  the  darkness  of  the  tr.ree  lowest  classes  are  too  similar  for  rapid 
discrimination ,  but  these  classes  can  readily  be  distinguished  qualitatively. 

31ank  cannot  be  used  for  a  class  since  excluded  and  zero-gradient  points  are  left 
bl ank . 

Using  a  line  printer,  there  is  a  maximum  line  width  which  varies  between 
installations:  lines  up  to  125  characters  long  are  generated  by  the  present  program. 
For  data  sets  with  more  than  125  columns,  it  is  necessary  either  to  compress  the 
results  so  that  one  character  represents  more  than  one  value,  or  to  split  maps  into 
several  sheets  Neither  procedure  is  agreeable;  the  second  is  adopted  here.  A  new 
map  sheet  is  started  with  the  126th  column,  a  third  with  the  251st  column,  and  so  on. 
Up  to  10  sheets  are  possible  and  they  follow  each  other  in  sequence,  each  starting 
on  a  new  page  of  the  line  printer  output.  The  length  of  each  sheet  is  limited  only 
by  the  number  of  pages  of  output  requested  Using  one  symbol  per  data  element,  the 
only  data  set  among  the  eight  considered  here  to  require  a  second  map  sheet  was  Ferro, 
which  is  an  elongate  drainage  basin 

On  line  printers,  the  spacing  of  characters  along  a  line  (.1  inch;  2.54  nir.) 
does  not  equal  the  spacing  of  lines  (usually  167  or  125  inch;  4.24  or  3.17nsr). 


55 


Hence  each  value  in  Che  square  grid  is  allotted  a  rectangular  printing  position  instead  of 
a  square  one  The  resulting  elongation  of  the  map  can  be  avoided  either  by  printing 
5  x  3  or  5  x  ••  blocks  to  symbolise  each  value,  which  makes  the  maps  five  times  as  wide 
as  they  need  be;  or  by  interpolating  extra  columns  (MacUougal 1 ,  1976),  which  ends  the 
highly  desirable  one-to-one  symoo 1 1 sat  ion  of  data  elements  in  non-incerpolated  maps 
The  former  solution  is  very  clumsy  for  data  sets  of  the  present  size,  and  exaggerates 
the  problem  that  a  limited  number  of  characters  are  available  per  row 

Clearly  the  number  of  separate  sheets  should  be  minimised,  and  this  is  taken  as 
a  good  reason  not  to  attempt  squaring  of  the  rectangular  line  printer  output  Line 
printer  maps  are  acceptec  as  rough  working  tools  and,  given  their  general  coarseness, 
the  further  degradation  caused  by  elongation  is  not  excessive  Fortunately,  economy 
measures  at  our  NL'MAC  computer  centre  led  to  adoption  of  the  closer  line  spacing,  hence 
the  symbol  spa.es  of  the  line  printer  maps  in  this  Report  are  only  modestly  elongated 
at  2  5*»  x  3  17mm  (belore  photo-reduction)  These  line  printer  problems  could  be  solved 
by  a  modest  investment  in  spec ial-purpose  equipment,  but  they  typify  the  present 
computing  environment  in  Durham  and  in  many  other  centres. 

The  same  six-class  grey  scale  is  applied  to  maps  of  altitude,  gradient,  profile 
convexity  and  plan  convexity  The  next  step  is  to  choose  a  set  of  class  intervals  so 
that  internal  variability  is  clearly  portrayed  The  principles  involved  in  selection 
of  class  limits  have  been  thoroughly  reviewed  elsewhere  (Kvans , 1 9 7  ay  :  here  we  select 
a  central  class  limit  (zero  or  the  mean),  then  assign  the  other  limits  so  that  a 
reasonable  number  ot  values  tallxinto  each  class 

For  the  convexity  maps,  zero  is  the  most  appropriate  central  division:  by  trial 

♦  ♦ 

and  error  it  was  found  that  further  limits  of  -3  and  -6  degrees/lOOm  for  profile 
♦  ♦ 

convexity,  -20  and  -»«0  degrees  100m  for  plan  convexity  produce  reasonable  differentiation 
for  Cache  and  the  iOOm-mesh  matrices  A  one-ended  grey  scale  of  the  type  selected  is 
not  ideal  for  convexity  maps,  convexities  are  prominent  but  concavities  are  not,  unless 
the  symbe  1  i sa t ion  is  reversed  However,  it  is  doubtful  if  much  more  can  be  achieved 
on  the  line  printer  with  one  symbol  per  value,  the  next  step  might  be  to  produce  maps 
in  two  colours 

Mean  values  and  ranges  of  altitude  and  of  gradient  vary  so  widely  that  it  is 


necessary  to  cal ibr ate  the  class  intervals  to  the  data.  This  is  done  by  setting  the 


central  class  limit  at  the  mean,  thus  guaranteeing  at  least  some  differentiation,  and 

♦  ♦ 

setting  the  others  at  -0  6  and  -1  2  standard  deviations  With  these  class  limits, 
a  normal  distribution  is  divided  into  six  classes  with  11  5,  159,  22.6,22.6,  15.9  and 
11  5  percent  or  the  values  (Evans.  19  *i  p  1051  The  outermost  classes,  covering 
the  two  tails  of  the  frequency  cistribution,  are  open-ended;  otherwise,  the  class 
widths  are  equal  at  0  e  standard  deviations  Both  mean  and  class  widths  are  rounded; 
to  the  nearest  metre  for  altitude,  and  to  the  first  decimal  place  fcr  gradient. 

A  considerable  amount  or  skew  or  kurtcsis  can  be  tolerated  before  the  utility 
or  such  limits  is  appreciably  reduced  the  worst  case  here  is  that  of  gradients 
tor  Cache  2,  where  the  skew  or  *1  8  gives  a  standard  deviation  in  excess  of  the  mean. 
Sm-e  negative  values  are  impossible,  the  -1.2  standa  si  deviation  class  limit  is 
not  brought  into  play  and  the  map  becomes  a  five-class  one  (Fig  38)  This  still 
shows  adequate  contrasts,  demonstrating  the  robustness  of  this  class  interval  system 
for  ummodal  distributions  without  excessive  tails 

To  peim.it  comparison  between  aieas,  a  second  gradient  map  is  produced,  with  fixed 
class  intervals  in  a  rounced  approximation  to  a  geometric  progression  (2,5,10,20, 

-.0  degrees,)  This  rarely  shows  as  much  contrast  as  the  calibrated  map,  but  usually 
at  least  two  classes  of  gradient  are  well  represented  Such  a  fixed  interval  map  would 
be  pointless  tor  altitude. which  varies  much  more  widely 

Aspect  cannot  properly  be  represented  by  a  one-ended  grey  scale;  its  symbolisation 
should  icflect  the  circular  nature  of  its  scale  of  measurement  ,  with  maximum  contrast 

Q 

between  opposed  aspects,  l  e  those  180  apart.  Unlike  the  other  properties,  aspect 
lacks  tails  of  extreme  values;  its  range  is  limited  to  360°,  and  most  of  this  range  is 
present  in  any  but  a  spatially  very  restricted  terrain  sample.  Hence  there  is  no  need 

to  calibrate  class  limits  fcr  aspect;  the  same  limits  can  be  used  for  all  areas.  A 

o  ... 

set  of  eight  -5  classes  is  used,  centred  or.  the  eight  principal  points  of  the  compass. 

Symbols  were  chosen  to  give  maximum  contrast  between  (dark)north  -  and  (light)  couth  - 
facing  slopes,  this  appeals  to  verisimilitude  in  relation  to  radiation  receipts 
in  the  Northern  Hemisphere)  The  transition  from  north  to  south  can  take  two  routes; 
via  east,  or  via  west.  It  is  necessary,  then,  to  contrast  east  and  vest  by  use  of 
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a  second  graphic  variable  Because  or  the  poverty  of  symbol isation  available  for  a 
monochrome  line  printer  map,  the  second  variable  must  be  qualitative  It  was  decided 
that  circles  would  be  used  for  slopes  with  a  west-facing  component,  while  crosses 
ware  used  for  those  with  an  east-facing  component  With  overprinting  for  aspects 
rrom  west  to  northeast,  this  was  implemented  by  the  following  synbo 1 i sat  ion; 


northeast 

east 

southeas  t 

X* 

X 

♦ 

north  OXAY 

.  south 

OX 

o- 

0 

nor  thwest 

west 

sou  thwes  t 

The  results,  especially  in  wel 1-dissected  relief,  are  quite  pleasing 
^'igs  --  and  37)  It  must  be  lemembered,  however,  that  aspect  means  much  more 
on  hig:.-g: adient  slopes  than  on  low  It  may  be  useful  to  exclude  all  slopes  below 
a  threshold  gradient,  as  on  some  maps  produced  by  Jasbir  Gill  (Fig  11)  Alternatively, 
a  way  of  mapping  both  components  of  slope  (aspect  and  gradient)  simultaneously  may 
be  de  vised  For  this  it  is  advisable,  finally,  to  leave  the  line  printer. 

The  program  OYPL  produces  arrow  plots  on  the  graph  plotter.  Each  slope 
vector  is  represented  by  an  arrow,  centred  on  the  grid  point  to  which  it  relates  (i.e. 
the  centre  of  the  3x3  submatrix)  The  direction  of  the  arrow  gives  aspect,  which  does 
not  require  grouping  .nto  classes  .  the  plotter  used  has  a  005  inch  (.025umm) 
increment  in  any  of  16  directions  Gradient  is  grouped  into  six  classes  and,  as  for 
the  line  printer  maps,  these  are  either  fixed  or  calibrated  The  length  of  the  arrow- 
shaft  is  graded  according  to  gradient  class,  the  lowest  class  has  no  shaft,  and 
succeeding  classes  have  lengths  13,  2/5,  3/5,  4/5  and  5/5  of  the  distance  between  grid 
points  The  longest  arrows  can  just  touch,  if  aspect  is  consistent.  On  the  whole,  the 
calibrated  plots,  with  a  fairly  equal  distribution  of  values  between  classes  of  arrow 
shaft  length,  show  contrast  and  hence  landform  more  effectively.  There  is  some 
attraction,  however,  in  class  limits  which  increase  the  proportion  of  long  arrows, 
giving  an  impression  of  greater  continuity  along  slope  lines  :  these  verge  on  'flow-line 
maps  for  surface  flows  of  water,  though  no  calculations  are  performed  here  to  link 
successive  values  along  .  slope  line 
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Seven  arrow  plots  are  reproduced  m  this  report,  having  been  plotted  in  ink  on 
film  with  a  drum  plotter  (Figs  6  to  12;  Pr.otoreduc  t  i  on  to  fit  on  Au  generally  improves 
their  appearance,  for  the  originals,  there  is  an  optimum  viewing  distance  of  about  2m. 

The  Ferro  and  Cache  plots  are  discussed  in  the  two  following  chapters  The  Torridon, 
Thvera  and  Nupur  plots  highlight  the  cirque  and  trough  walls  Cirques  are  apparent 
especially  in  Thvera,  in  Nupur,  the  up. and  plateaux  are  clearly  shown,  while  in  Torridon 
the  broad  trough  floors  are  marked  and  the  mountains  are  well  separated  from  each  other. 
Only  Thvera  is  disse.teu  into  a  network  of  narrow  ridges 

To  coordinate  with  the  statistical  analysis,  maps  are  produced  in  this  integrated 
system  only  as  output  from  a  digital  computer  As  discussed  in  section  (2c)  above, 
altitude  matrices  form  a  much  better  basis  for  mapping  than  do  surface-specific  DTMs, 
for  example,  meshes  of  irregular  triangles  Starting  from  contour  maps,  however,  there 
are  two  further  alternatives,  optical  and  manual  processing 

Optical  techniques  were  pioneered  by  Gilman  .19 '3;  Gardiner  and  Rhind,  197u)  and 
are  now  in  routine  commercial  use,  at  least  in  the  C.S  A  By  a  two-stage  process  of 
contour  thickening  and  thinning,  areas  where  contour  spacing  is  less  than  a  given 
threshold  may  be  delimited  The  process  is  repeated  for  each  class  limit,  and  printing 
plates  for  colour  or  intensity  separation  are  produced  by  optical  subtraction.  Contour 
p.ates  need  to  be  of  high  quality  with  consistent  line  thicknesses  (the  thickening  of 
master  contours  in  most  map  series  is  unfortunate),  and  they  are  pre-edited  to  remove 
contour  1-oels,  hachures  and  spot  heights  Even  so,  the  results  can  be  misleading  on 
floodplains  (with  comp. ex,  sinuous  contours),  and  blotchy  elsewhere.  Their  main  drawback 
is  tiieir  inflexibility,  if  different  thresholds  become  sigmfcant  and  a  new  map  is  to 
Oe  produced,  the  process  except  for  editing)  must  be  repeated.  Also  they  do  not  lead  on 
to  the  production  of  convexity  maps,  it  is  not  feasible  to  optically  process  an  optical 
slope  map  in  this  way  since  it  is  essentially  a  dasymetnc  rather  than  a  contour  map. 
Statham  ( 1 9 If-  )  discussed  the  comparable  production  of  orientation  (modulo  180  degrees) 
maps,  but  these  are  not  aspect  maps 

Manual  methods  of  slope  mapping  have  been  reviewed  briefly  by  Gardiner  (1978)  : 

Krcho  (1973)  produced  maps  of  a.l  derivatives  manually.  It  is  difficult  to  compare  the 
degree  of  detail  produced  by  manual  and  automated  techniques  :  Gill's  accuracy  check 
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^section  2d)  suggests  that  there  is  little  difference,  but  the  technique  illustrated  by 
Denness  and  Grainger  (19'6)  seems  to  take  in  more  of  the  detail  present  in  a  contour  map 
than  does  grid  sampling  The  question  is,  whether  particular  contour  maps  are  sufficiently 
accurate  to  merit  such  detailed  analysis  (cf  Clayton,  1953).  A  small  amount  of 
generalisation,  as  provided  by  grid  sampling,  is  ^seful  when  the  contcur  map  is  known 
to  have  some  error 

The  disadvantages  of  all  the  manual  methods  of  slope  mapping  are  the  great  amounts 
of  time  and  effort  which  they  require  and  the  inflexibility  of  their  single  end  product; 
to  sele.t  a  new  set  o:  class  intervals  requires  repetition  of  the  whole  operation  Even 
the  creation  of  an  altitude  matrix,  onerous  though  it  is  (the  Thvera  matrix  required  two 
weeks  work),  is  taster  than  detailed  manual  slope  mapping:  it  also  permits  a  variety  of 
maps  to  be  produced,  each  with  known  and  constant  resolution.  Where,  as  cis  ussed  in 
section  (2 c),  matrices  aie  available  as  photogranxsetric  by-products  without  such  manual 
effort,  manual  slope  mapping  is  totally  uncompetitive  Its  future  appears  to  be  confined 
to  small-scale,  one-of-a-kind  projects  where  limited  areas  are  mapped;  even  there,  it  is 
not  iceal  For  any  extensive  area,  slope  mapping  should  be  by  computer  processing  of  an 
altitude  matrix  For  no  extra  data  cost,  this  permits  production  of  maps  of  profile  and 
plan  convexity,  of  aspect,  of  various  combinations  of  suiface  properties,  and  portrayal 
of  the  land  surface  by  b.ock  diagrams  (McCullagh  &  Sampson, 1 9 T 2 ;  Peucker , 19'2)  and  hill 
shading  (Brussel,  1975) 
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Within  s-a.h  area,  t  e  1  at  lonah  i  pa  between  the  ti\e  b.isit.  surface  properties 
are  ot  inteiest  Sin.c  these  properties  have  been  defined  as  relatively  independent 
descriptors,  no  linear  : e  lat  ionahips  between  then  are  necessarily  strong.  No 
universally  valid  relat  tonships  at  e  expe.tcd  Witr.  the  except  ion  of  a  single  non-1  ine..r 
ore,  i eiat ionsh;ps  between  basic  surface  properties  art  charac ter i s t it s  specific  to 
ea^h  arej  By  far  the  strongest  and  most  persistent  relationship  is  the  increase  of 
gradient  with  altitude,  even  this  is  only  moderately  strong,  and  is  sometitT.es  (though 
not  in  the  present  examp  lest  absent  or  even  tu.ersed 

Relationships  between  surface  propeities  theiefoxe  provide  further  descriptors 
of  ea^h  matrix  or  region,  but  it  is  expected  that,  in  any  one  area,  only  a  few 
relationships  will  be  of  any  strength,  the  remainder  are  provided  for  i  specticn  only, 
as  a  che^W  Relationships  arc  expressed  in  terms  of: 

.i.1  product-moment  correlation  coe:  1  icients,  except  loi  aspect  where  periodic 
regressions  on  its  sine  and  c. sine  are  used; 

•i)  multiple  regressions  which  are  linear  except  for  aspect  and  the  inclusion 

ot  altitude  squared,  and 

.lit  s  atter  plots  for  c«  h  of  the  ten  pairs  of  basic  properties. 

The  .atter  aie  ind i sper.s ib . e ,  sin  e  many  of  the  relationships  are  complex  and 
non-linear  Hcwece:,  concise  numerical  summaries  such  as  correlation  coefficients 
are  a. so  useful  in  aesi  cases;  situations  where  they  are  misleading  are  noted  below. 

e  instruction  a  ana  interpretation  (b  of  all  three  expressions  are  discussed 
in  turn 

'•  a j  ’.he  summary  statistics  page  Table  a)  gives  a  matrix  of  correlations 

e tween  th»  four  basi.  properties  for  which  linear  relationships  might  be  meaningful, 

thus  providing  six  different  pairs  .'ero-gradient  points  are  excluded  throughout. 

As  is  conventional,  values  ot  r  (Peat  sen’s  product-moment  correlation  coefficient) 

are  given,  so  that  the  positive  or  negative  sense  of  relationship  is  portrayed;  however, 

it  should  be  remembered  that  r  is  a  better  measure  of  the  strength  of  a  linear 

2  2 

correlation  An  r  value  ot  1  (r‘  «  01)  is  trivial,  an  r  of  .3  ( r *'  ■  .09)  is  very 

2  2 

weak,  an  r  of  .5  (t  ■  25)  is  weak,  and  an  r  of  .7  (,r  -  *9)  is  only  moderate. 

-  bl  - 


ti  it  Wi  t  !tin  rti  in  prcdi  :  rumen  t  correlat  ims  lor  tin  eight  Matrices  analysed 


■itf.  Ait  -  altitude,  grad  -  gradi«m,  profc  -  profile  convexity,  pi  t  - 
it.:,  t  nw.vity,  alt  *  altitude  and  altitude  sruared.  'slues  lor  aspect  .rt 


rcit  i; it  correlat i ors 

for  cost* 

anti  sir*'. 

AKfiA  alt  2  : 

alt  : 

alt  : 

alt  : 

alt  ; 

no .  of 

grad 

grad 

profc 

plane 

ASpf C t 

points 

Cache  1 

.31° 

.  .’88 

.12^ 

.07? 

.16? 

8540 

Cache  2 

.  ?Q0 

.  -.0 

.  ?n8 

.058 

.13' 

888  3 

Cache  3 

.  r  70 

.503 

9  7*) 

.116 

.  1  60 

°.81 

1  or  r :  dor. 

.  54  7 

.  28. 

.170 

.  105 

372 

Thveru 

.  149 

.  11Q 

.  34e 

.206 

.lot 

998  7 

Ni.pur 

.  .  ' 

.<  7 S 

.46' 

.  1  78 

.1"  . 

M'l  1 

err 

•  4 .  ' 

.  4  50 

.177 

.048 

.  1  r>7 

]  ]  ;  c  i 

•old  '  r  . 

>  o  u 

.17  3 

.  1  5S 

.pop 

.  4  '  1 

•.  <4 

i’rAti  : 

Rta.i  : 

grad  : 

prefe  : 

profc  : 

plane 

prof  c 

plane 

aapoc t 

plane 

.ispoc  t 

aspect 

iic  he  1 

♦  .016 

-.001 

.07. 

.085 

.056 

.02  3 

*iC  i  €  » 

■  .  07 

♦.007 

.081 

.116 

.  02° 

.  02° 

a  he  3 

♦ .  OOe 

♦  .06  5 

.112 

.  1  51 

.  C58 

.052 

>  rr;  Jor 

-.016 

*  .O'-M 

.148 

.  0 '4 

.05 '< 

lo  wiu;r.  ^o  1 1  cspor.d  mg  va.ues  lor  aspe  i  itt;  ,  the  values  o!  ’  rr.u  It  1  p  1 «»  R'  lot 


e^eai.or.j  or.  cos  t* ,  s.n  f>  r.«*>  !e  taxc:.  <irx  er.'.ortc  or.  the  summary  page  as  a 
igi.t  ::ar.c  .olumn  ;r.  tr.«  correlation  ratrix.  It  should  :  e  noted,  however,  that  multiple 
.s  never  negative).  These  regressions  are  obtained  :rom  the  VIDAS (Michigan  Interactive 
ate  Analysis  System  p  ac*age  prcgiam  -  which  is  called  by  the  mam  program  -  and  they 


cl  low  the  histograms  ir.  the  computer  outp-t.  The  regression  coeff  lcier.ts  may  be 


mterpreted  item  the  ta^t  that  ;cs  6  passes  through  a  maximum  at  0  'north)  ar.d  a  minimum 


at  . -■  aouth);  it  is  cere  at  east  anc  vest,  positive  in  the  northern  semicircle  ana 

,o 


negative  in  the  s  uthern.  Sir.  e  passes  through  a  maximum  at  east  ar.c  a  minimum 

o 

at  ^  d  west  ;  it  is  zero  at  north  ar.c  south,  positive  in  the  eastern  semicircle  and 
negative  in  the  western. 

ib  iiowe.er,  there  -re  r.c  interesting  correlations  with  aspt  t  within  the  eight 
-.at:  ntii  .cnsiderec  here  Table  ;  scatter  is  gr»  at  in  each  case.  The  strongest 
. n.jtion  r  or  aspect  with  protile  or  plan;  convexity  is  a  mere  .106  tor  Cole 
Creex,  the  strongest  with  gradient  is  or..y  .221  tor  Torridor.  ar.d,  apart  from  .-.93  for 
the  very  smal.  cold  Cree*.  drainage  basin,  the  strongest  correlation  with  altitude  is 
19a  tor  Nupur.  Inspection  ot  the  corresponding  scatter  plots  shows  that  such 
e.  ati  or.  ships  at  a:^  «:e  d-e  to  the  absence  ::  particular  aspects  at  .  ertain  altitudes, 
h  usua.ly  :at.eots  the  way  e  a  ^ matrix  is  delimited:  this  is  rather  d  i  sappoint  l  r.g . 
Aspe.t  -as  expe-tec  t-  have  stronger  relationships  with  processes  in  these  steep  areas, 
ar.d  thus  to  a: fact  gradient. 

despite  the  i  r  weakness ,  relationships  between  gradient  and  aspect  in  glaciated 
me  a  ms  a:e  stronger  than  elsewhere  liable  u ; .  In  Nupur  the  maximum  gradient  is  a 

o 

.itt.e  north  - :  cast,  corresponding  to  the  gi ad i ent -we : ght ed  vector  mean  aspect  ol  0'9  . 
3- t  ir.  Icrricon  and  Thvera,  the  maximum  predmtec  gradient  is  just  south  of  west  (both 
s.r  anc  cos  coefficients  are  negative  In  all  three  areas,  however,  scatter  plots  show 
that  the  steepest  s.opes  aie  north-facing  :  this  illustrates  the  danger  of  interpreting 
very  weak  re  .  atior.ships 

:  all  the  bivariate  relationships,  that  between  a.titude  and  gradient  is 
strongest.  r  reaches  ♦5-6  in  Torridor.,  and  higher  values  in  Cache  3  ♦.’'93)  and 
lathe  2  *.'•*0;:  yet,  as  noted  below,  this  relationship  is  often  ncn-linear. 
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'.able  8.  Periodic  ar.d  multiple  re  gr  es  s  ion#  Jot  three  matrices  in  glaciated  mountains, 

■j 

m  S^ot. and  and  Iceland.  Bracketed  terms  contribute  a  negligible  amount  to  R*  ,  the 
coetticient  o:  determination.  Values  o:  R*  arc  given  first  tor  cne-variable  regressions 
on  the  tirst  variable,  i.e.  altitude,  then,  tor  the  lirst  two  variables  together,  and 
nnally  tor  all  tour  controlling  variables. 


•s 

COtH-TS.  OF  DETERMINATION  tR*  ) 

MATRIX :  DEP.VAR.  CONTROLLING  . AKlAbLPS  1-VAR  2-VAR  TOTAL 


Torr  idor. : 

1 hver  a : 

Nupur: 

Grad  -  -  .  7p  7  cos  8  -  3.195  sin  8  *  15.386 

-  -.  j  ,os  8  -  ..701  sir.  6  *  .1.56  2 

-  *.26*  cos  8  ♦  ..615  sir.  8  *  21.860 

.0-9 

.039 

.008 

Torr  ;dcr. : 

Grad  -  ».0c-:9  a»t  */WO»  alt'  -.521  cos  8 

-2.556  sin  8  -.753 

.298 

.  299 

.326 

. hvtr 4: 

-  *.032  73  ait  -.00001"  alt*  -  .  5  6  cos  8 
-2  71-  sir.  8  ♦  6.7  56 

.01- 

.022 

.056 

Nupur : 

*  *.12591  alt  -. 020 Id 5  alt*  *  . - 1 6  cos  8 
♦  1,16'  sir,  8  -.108 

.006 

.185 

.190 

Torr idon : 

Trofc  -  *.0231-  alt  -.191  grad  *.289  cos  8) 

-  .  a  9 1  sir.  8  -8.28a 

.081 

•  1  a.  L 

.  1  a.  4 

Thver 4 : 

*  *.01583  alt  -.107  grad  (*.086  cos  8 
-•>..3  sir.  8  -11.738 

.  120 

.131 

.132 

Nupur: 

-  *  0.2989  alt  -.00  grad  *.520  cos  8 
♦1.156  sir.  8  -  11.539 

.218 

.  228 

Torr idon: 

Plane  -  *.0  932  a.t  -.351  grad  *1.11  cos  6) 

-•*.18  sin  8  -2  7.53 

.029 

.031 

.033 

Th\ era: 

♦  ♦. 053*5  a.t  -.088  grad  (-.«3  cos  8) 

-3.16  sir.  8  --.86 

.092 

.  0  4 

.  04  4 

Nupur : 

*  *.05093  alt  *.116  grad  *1.95  cos  8 
(♦1.07  sir.  8)  -  26.09 

.032 

.033 

.033 
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Linear  relationships  between  gradient  and  both  convexities  are  negligible, 
but  there  is  a  very  weak  tendency  (  174  r  085)  for  plan  and  profile  convexity 

to  increase  together  (Table  7)  both  convexities  increase  with  altitude,  but  profile 

convexity  always  has  the  stronger  correlations  Both  correlations  are  stronger  in 

the  three  glaciated  mountain  areas  than  anywhere  else,  but  are  still  weak  :  in  these 

three  areas,  ^orre.ations  between  profile  convexity  and  altitude  range  from  .28-«  tc 

-e ' ,  while  those  between  plan  convexity  and  altitude  range  from  .170  to  .206.  One 

might  expert  that  the  convexities  of  ridges  would  generally  occur  at  higher  altitudes 

than  the  concavities  of  valleys,  but  in  practice  these  relationships  are  very  weak. 

(iia  A  limited  number  of  multiple  regressions  are  included  in  the  output; 

tr.ese  are  not  shotgun’  regressions,  but  deal  only  with  relationships  which  might  be 

causally  meaningful  Her.^e  altitude  and  aspect  are  treated  as  controlling 

'independent')  variables,  their  effects  on  climate  and  hence  surface  processes  may 

mfluer.  e  the  other  surface  properties  Gradient  is  seen  as  a  function  of  these  two, 

while  profile  and  plan  convexity  are  seen  as  functions  of  altitude,  gradient  and  aspect. 

because  of  the  curvi 1  inear i ty  apparent  in  some  scatter  plots  (Fig. *12),  a  term  in 

altitude  squared  is  included  in  the  regression  for  gradient  only:  each  regression, 

:  in,  has  four  controlling  variables 

These  regressions,  too,  are  performed  by  the  MIDAS  package.  In  the  latest  version 
. :  the  terrain  analysis  program,  stepwise  regression  is  requested  and  each  step  is 
printed  out  However,  tc  facilitate  comparison  of  coefficients,  the  full  four- variable 
regressions  are  given  in  Table  8  Deciding  which  variables  to  omit  from  a  multiple 
regression  is  always  a  difficult  matter,  and  here  it  is  even  more  so  because  with  a 
sample'  of  seme  1  ,000  values  almost  any  relationship  is  naively  ’significant'.  The 
10,  values,  however,  are  not  independent;  their  autocorrelation  biases  significance 
tests  In  the  circumstances,  it  is  best  to  avoid  the  matter  of  statistical  significance 
and  judge  each  variable  in  terms  of  its  effect  on  R  square  :  variables  which  -ake  no 
impact  n  the  third  decimal  place  are  of  no  interest,  whatever  their  statistical  significance. 
7h.se  with  F  values  below  1.0  are  obviously  unimportant,  but  F  should  preferably  be  well 
above  . .0. 
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1 1  o  .  Addition  ot  <*  teim  in  ultituca  squaied  increaaes  correlation  of  gradient  with 
altitude  in  all  ateas  except  Torridon  :  the  most  remarkable  increases  are  iron  0.25  to 
iO  tor  Supur  and  ,1'J  to  .r>99  tor  Gold  Cieox.  This  shows  that  the  most  common 
re.ationahip  m  this  limited  sample  o:  areas)  is  parabolic  (Fig. *2);  in  general, 
gradient  increase*  with  altitude,  but  this  is  reversed  at  high  altitudes  by  gentle 
slopes  on  ridge  tops,  especially  summit  plateaux  such  as  chose  of  Nupur.  The  quadratic 
term  adds  much  less  in  rhvera  and  Torridon,  where  sunr.it  ridges  are  sharper  and  there 
ate  only  traces  of  high  p.ateaux. 

further  extension  ot  the  regressions  to  include  aspect  results  in  improvements 
ot  a  tew  percent  in  R~ ,  b-t  lot  Thvera  even  this  change  represents  more  than  a  doubling 
-t  the  correlation  strength  The  signs  oi  the  aspect  regression  coetficients  are 
icuntical  to  those  tor  pericdi.  regressions  on  aspect  alone,  and  the  magnitudes  are 

only  slightly  sma.ler  Table  6 <  ;  the  additional  R~  equals  that  for  aspect  alone  for  Thvera, 

2 

and  is  bCT  ot  R*  1 oi  aspect  a. one  for  torridon  and  Nupur.  Hence  the  etfect  of  aspect 
does  not  overlap  excessive. y  with  that  of  altitude. 

Multip.e  regressions  ter  the  convexities  show  that  gradient  and  aspect  add  little 
t -  R’ ,  on. a  a.titude  r.as  been  taxer,  into  account  Coefficients  for  altitude  remain 
positive,  while  those  ler  gradient  are  negative  except  for  plan  convexity  in  Nupur. 

. :.  1. -  .  .  .in  nirifute  r.ctably  to  profile  convexity),  ar.c  this  is 

r.cr  predictable  :rcm  the  simp.e  cc  r :  c '.  a  1 1  or.  of  only  -.016.  In  no  case  does  aspect 
increase  R*  by  more  then  IT  of  total  variance  in  convexity. 

ilia  Trie  scettei  plots  which  illustrate  the  pairwise  relationships  (Figs. 28-30, 

F-gs.-l  ' ■  are  produced  by  Sr’SS.  On  the  line  printer  the  plots  are  50  printer  units 

high  ar.d  100  wide  :  hence  the  horizontal  scale  is  divided  to  twice  the  resolution  of  the 
etti.a.  By  .ailing  each  plot  separately,  it  is  possible  to  determine  which  variable 
plots  or.  which  axis;  the  first-named  is  on  the  vertical  axis.  It  is  conventional 
t.  plot  centre,  ling  vatiab'.es  or.  the  horizontal  axis,  ar.d  dependent  variables  on  the 
varti.a..  B;  speifyir.g  the  ordet  profc,  plane,  gradient,  altitude,  aspect),  profile 
convexity  is  always  or.  the  vertical  axis  (dependent),  while  aspect  is  on  the  horizontal 
centre . 1  mg;.  Gradient  is  or.  the  horizonta.  axis  when  plotted  against  either  convexity, 
but  on  the  vertical  when  plotted  against  altitude  or  aspect. 
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A  common  problem,  with  computer-produced  scatter  plots  is  that  the  default  procedure 

tor  scaling  is  equal  division  ot  the  range,  which  gives  scale  values  with  several 

decimal  places  The  options  used  here  round  altitude,  gradient  and  aspect  to  the  nearest 

whole  number  inetres  or  degrees  for  plotting  the  scale  values,  and  specify  the  maximum 

♦ 

and  minimum  values  of  profile  -onvexity  as  -  50  degrees,  and  of  plan  convexity  as 
♦ 

-  500  degrees,  giving  highly  rounded  values  Scale  values  are  printed  for  both 
extrer.es  and  for  ten  intervening  values,  on  both  axes  (Unfortunately,  it  is  not  possible 
to  suppress  the  two  decimal  places  in  scale  values,  even  though  these  are  always  zero). 

The  nuaber  of  va.uas  excluded  frcr.  the  plot  (by  setting  aaxinua  and  minimum  values 
tor  the  convexities  is  printed  beneath;  obviously  the  plots  should  be  rc-run  without 
the  range  constraint  it  the  nuaber  of  excluded  values  is  large  The  SPSS  program  also 
gives  details  ot  the  linear  regression  tor  plotted  values,  although  this  :s  usually  of 
little  interest,  it  does  provide  a  ..heck  on  the  effect  of  outliers  on  linear  correlation 
coet  t  ic  ier.es 

The  scatter  plots  contain  a  star  for  every  printing  position  in  which  a  single  point 
falls  If  acre  than  or.e  point  falls  in  the  pr  in  t  mg  pos  i  t  ion ,  the  corresponding  digit 
(T  9;  is  printed.  The  digit  9  is  used  also  for  all  frequencies  greater  than  9.  With 
scat  10,000  points  and  lOOx  50  printing  positions,  auch  of  each  plot  consists  of  digits, 
and  9  is  vary  common,  the  pregraa  was  designed  essentially  for  smaller  data  sets, 
and  f  req  uant  use  of  digits  dees  not  provide  a  clear  graphic  design.  It  vouid  be  useful 
it  a  new  s.atter  plot  pregraa  were  written,  using  overprinting  to  provide  a  grey  scale 
effect  for  the  density  of  points  However,  the  present  program  does  provide  a  quick 
general  lapression  of  the  scatter  of  points 

iiib_)  Apart  from  the  relationships  noted  above,  two  further  ones  are  apparent 
froa  the  scatter  plots  Although  p.an  convexity  is  almost  uncorrelated  with  gradient, 
its  modulua  declines  with  increasing  gradient,  i  e  on  steep  gradients,  contours  are 
relatively  straight  The  variability  of  contour  curvature  increases  steadily  on 
gentle:  slopes,  where  both  greater  convexities  and  greater  concavities  are  found  (Fig. 30). 
This  re.ationship  is  found  m  all  eight  areas  It  does  not  apply  to  profile  convexity, 
which  is  equally  variable  on  all  gradients  (As  changes  in  altitude  are  reduced  in  most 
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areas  o:  low  altitude,  one  might  in  fact  expect  changes  in  gradient  to  be  reduced  in 
areas  of  low  gradient,  but  this  is  not  the  case).  The  dominant  factor  seems  to  be 
that  changes  in  aspect  are  'easier'  where  gradient  is  low  a  small  displacement  of  the 
slope  vector  can  give  a  large  change  in  aspect. 

I'he  second  relationship  is  that,  while  profile  convexity  increases  (slightly)  with 
p.an  convexity,  the  plot  is  tn  .’act  cross-shaped  (Fig. 29).  The  positive  correlation 
cones  from  skewing  of  the  arms  of  the  cross  Finally,  it  should  be  noted  that  the 
relationship  between  gradient  and  altitude  is  usually  more  complex  than  quadratic, 
and  a  scatter  plot  is  essential  to  illustrate  this  (Figs . 28, -*2) . 


• t  1  He  '..'eit:!  -_a :  t .»  :  a  1  a  1 1  o . . 

r.e  use  ot  chase  statistics  and  cot :  e .  at  ions  which  describe  an  area  is  Co 
assess  variation  between  areas.  This  also  provides  further  insight  on  the  meaning 
ot  the  statistics.  With  results  (Tables  5  and  7)  only  tor  these  eight  matrices 
however,  it  is  ditticult  to  make  conndent  statements  about  between-area  relationships. 
Sore  comparisons  have  been  drawn  above  between  the  three  glaciated  mountain  areas, 
each  ot  which  has  a  1  Ja  mesh.  Though  the  map  quality  and  vertical  resolution  ot 
encoding  im  was  better  tor  Torridon,  these  three  data  sets  and  that  tor  Ferro  are 
approximately  cotr.parab  le .  The  Cache  matrices  have  one-quarter  this  grid  mesh,  while 
weld  Craek  has  a  much  tiner  resolution  still  and  cannot  really  be  compared  with  the 
other  a:  eas  . 

There  d.  seem  tc  be  positive  re  1  a 1 1 onsh i ps  between  (l)  standard  deviation  ot 
altitude;  n  mean  giadier.t;  and  (.nil  standard  deviation  c:  gradient.  All  ot  these 
are  indicators  ot  're.ie: '  and  surface  roughness.  The  measures  ot  distribution  shape 
skewness  and  kurtosis  -  seem  tc  be  related  neither  to  any  ot  these,  nor  to  each  other 
except  for  the  tendency  ot  kurtosis  tc  increase  with  the  modulus  ot  skewness. 

Fcr  protile  and  plan  convexity,  standard  deviations  are  unrelated  to  the  other 
measures  and  to  each  other.  Because  convexity  distributions  are  expected  to  be 
symmetrica!  about  cere,  increasingly  positive  mean  values  should  relate  to  increasingly 
negative  skewness,  and  vice  versa.  This  expectation  does  not  materialise,  due  probably 
to  the  greater  erte.t  ot  extreme  values  on  skewness.  Their  even  greater  effect  or. 
kurtosis  reduces  the  ve.ue  of  that  statistic,  and  makes  comparison  of  convexity  kurtosis 
between  data  from  difterer.t  sources  impossible. 

So  relationships  are  apparent  in  the  way  correlations  vary  between  areas.  Why, 
tor  example,  should  the  altitude  :  gradient  correlation  be  much  weaker  in  Thvera  than 
elsewhere  The  low  correlation  in  Cache  1  reflects  generally  low  relief,  but  this 
dees  not  apply  tc  Thvera  The  only  other  correlation  to  produce  reasonably  strong  values 
is  that  between  altitude  and  profile  convexity,  and  again  no  patterns  are  apparent. 

It  seems,  then,  that  these  statistics  (and  correlations)  are  relatively  independent 
des.nptors  Although  the  three  relief  variables  are  generally  intercorrelated , 


differences  between  their,  will  reflect  special  types  of  topography.  A  field  of  sand 
dunes,  or  of  thermokarst  'cemetery  mounds’,  could  have  steep  gradients  without  much 
i regional)  variation  in  altitude.  A  dissected  plateau,  a  glaciated  area  and  a 
field  of  mselbergs  would  have  higher  variation  in  gradient  than  a  we  1 1- int egrated 
fluvial ly-dissected  area  of  the  same  mean  gradient. 

It  is  necessary  to  accumulate  further  evidence  on  these  properties,  but 
the  descriptors  chosen  do  seem  to  be  useful  and  distinct. 


The  importance  o t  grid  mesh 


A  previous  Report  (Number  .3)  was  devoted  to  the  effect  of  grid  mesh  (resolution) 

on  gradients  A  broad  range  of  resolutions  was  investigated  by  thinning  out  the 

original  data  matrices;  from  25  to  625m  for  Cache,  and  from  100  to  2500m  for  Torridon. 

Although,  the  results  for  the  two  study  areas  were  somewhat  different,  an  exponential 

decline  of  gradient  with  increasing  grid  mesh  was  suggested;  a  power  function  was  a 

second  possibility.  Standard  deviations  were  more  sensitive  to  grid  mesh,  that  is, 

they  declined  more  rapidly  than  means  as  mesh  increased  '  hloss  l!'1'  )  used  «  power 
function  fur  the  decline  in  I'.ivatuie  between  0  t  end  W  !>m  im-sti 

We  are  more  concerned  with  the  finer  end  of  the  scale,  since  each  of  these  data 

sets  is  coarser  than  the  resolution  at  which  geomorphologists  interested  in  surface 
processes  prefer  to  celculate  gradient  Here,  variations  are  appreciable  but  not 
drastic  Tor  Torridon,  mean  gradients  of  1*  0  degrees  at  -«00m,  13  '  at  200m  and 
1>»  8  at  100m  may  be  extrapolated  to  about  15.'  degrees  at  1.5m,  a  distance  over 
which  gradients  are  commonly  measured  in  the  field,  For  Cache  3,  mean  gradients 
of  *..9  degrees  at  100m,  5  5  at  50m  and  5.9  at  25m  may  be  extrapolated  to  6.1  degrees 
at  1  5m  Differences  in  results  between  Report  3  and  Table  5  are  due  to  inclusion 
o:  zero  gradients  in  the  former,  rather  than  to  the  slightly  different  algorithm 
used  for  calculating  gradient 

Corresponding  results  are  not  available  for  the  other  statistics,  but  Table  9 
provides  a  comparison  of  100m,  200c  and  300m  meshes  for  the  central  part  of  the 
Nupur  matrix,  as  outlined  on  Fig  13  Not  being  based  on  derivatives,  altitude 
statistics  are  almost  unaffected  by  grid  mesh.  Differences  in  maximum  and  minimum 
are  due  to  loss  of  peripheral  rows  and  columns  in  coarser  matrices  As  for  Cache 
and  Torridon,  mean  gradient  diminishes  slowly  with  increasing  mesh  and  standard 
deviation  of  gradient  declines  more  rapidly.  We  might  extrapolate  to  a  mean  gradient 
of  23  1  degrees  for  1.5m  mesh  Since  maximum  gradient  is  reduced  more  rapidly  than 
mean,  the  (slight;  positive  skewness  is  less  for  meshes  of  200  and  300m  than  for  100m. 
Kurtosis  becomes  somewhat  less  extreme  Maps  of  gradient  at  each  grid  mesh  (Fig.  15) 
show  how  the  thin  belts  of  steep  gradients  are  generalised  out  at  the  coarser  resolutions. 
With  a  300m  grid  mesh,  only  the  longest  steep  slopes  retain  gradients  over  36  degrees; 
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Table  9 


The  effect  of  grid  r.esh  on  statistics  for  the  central  half  of  the  Nupur 
matrix  All  possible  submat r  ices  were  included  for  each  mesh,  i.e.  the 
100®  data  were  used  as  fully  *,s  possible  Figures  are  rounded  to 
approximately  J  significant  digits,  and  were  supplied  by  J.S.  Gill. 


ALT  ITl'DE 


MESH 

MEAN 

SD 

skew 

100® 

•*71 

19b. 2 

-  367 

-  - 

-75 

192  6 

-  369 

300® 

•*82 

185  a 

-  365 

GRADIENT 

1 00® 

21.13 

12,13 

♦.178 

200= 

19.36 

9.56 

*.  102 

300® 

17  23 

■*  71 

<  1  /  i 

♦  11* 

PROFC 

100® 

.635 

11  21 

♦1.556 

200® 

.619 

6  8* 

♦  836 

300= 

63* 

<*  78 

♦  .  503 

PLANC 

100® 

-.023 

52.7 

♦3.70 

200= 

1  937 

98  * 

♦*5  *6 

300® 

.551 

37  6 

*3.48 

CORRKI-ATIONS 
ALT  :  PROFC 

100m  .<*59 

200®  605 

300®  68** 


Kl'RT 

MAX 

MIN 

-  .68 

776 

29 

-  88 

786 

39 

-  89 

806 

56 

-.97 

55.32 

0.00 

-.81 

44.03 

0.00 

-  58 

38.82 

0.95 

*5  90 

*100.6 

-9  2.2 

♦  .98 

♦  38.8 

-21.2 

♦  .09 

*  20.1 

-10.9 

f  80 

♦  999 

-688 

1322 

♦5092 

-359 

127 

♦*  18 

-823 

ALT  :  PLANC 

ALT  :  ASPECT (linear) 

.171 

.212 

.  102 

.180 

.262 

.  168 

7 


the  others  become  wider  belts  of  moderate  gradient.  The  basic  spatial  pattern, 
however,  remains  the  sane  Note  that  in  these  traps  gradients  below  6  degrees  are 
left  b  1  ank . 

Fig.  I*  shows  aspect,  generalised  in  a  slightly  different  manner.  The  top 
trap  is  based  on  the  original  100m  data  :  the  middle  one(T2)  on  altitude  data 
smoothed  by  the  weighted  filter  1-2-1  in  both  directions,  and  the  bottom  one 
(T3)  on  altitude  data  smoothed  twice  by  tins  filter.  The  smoothing  produces  no 
drastic  changes,  but  the  map  is  simplified  so  that  there  are  larger  blocks  of  the 
same  aspect  class  Gradients  below  20  degrees  are  excluded,  so  that  the  maps 
concentrate  on  those  where  aspect  assumes  greater  s ignif icar.ce :  thus  the  area 
covered  is  also  simplified  in  outline  from  T1  to  T3.  Three  maps  of  gradient  based 
on  the  same  smoothed  data  are  very  similar  to  those  of  Fig. 15. 

As  expected,  the  second  derivatives  are  more  sensitive  to  grid  mesh.  The 
magnitudes  of  extrema  of  protiie  convexity  are  drastically  reduced  with  increasing 
mesh,  as  is  the  standard  deviation;  skewness  and  kurtosis  rapidly  approach  their 
Gaussian  values.  Fig  16  shows  how  edges  are  blurred  by  increased  mesh.  Convexities 
remain  sharper  than  concavities  ;  about  twice  as  sharp,  for  the  extrema. 

Moment  statistics  of  plan  convexity  behave  erratically  as  grid  mesh  varies, 
providing  further  confirmation  of  their  instability.  The  200m  results  are  probably 
influenced  unduly  by  an  extreme  convex  value  of  50-2  degrees  100m,  giving  high 
dispersion  and  a  ridiculously  positive  skew.  This  does  not  prevent  the  maps  of  plan 
convexity  from  providing  a  consistent  and  interesting  impression  (Fig. 17).  The 
simpler  300m  -  mesh  view  picks  out  the  major  ridges  and  valleys,  which  are  confounded 
with  details  at  100m.  The  200n-mesh  view  is  more  similar  to  the  300m  than  to  the 
100m.  In  terms  of  maps,  then,  variation  of  grid  mesh  is  constructive  and  helpful 
for  plan  convexity,  whereas  for  the  other  derivatives  the  related  generalisation 
is  less  necessary  and  less  interesting.  Note  that  the  scale  for  Figs. 16  and  17 
differs  from  that  for  Figs.  26,  2',  39  and  *0;  use  of  white  for  extreme  concavity- 
makes  valleys  much  more  apparent  in  Fig.  17. 
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The  moderately  strong  correlation  of  profile  convexity  with  altitude  increases 


Chap i er  our 


DETAILED  EXAMPLE  OK  ANALYSIS  Of  A  DRAINAGE  BASIN  : 

FERRO,  N  CALABRIA,  ITALY 

(.-a  )  Intr.duc  lion 

The  terrain  una. ysis  program  deals  essentially  with  areas  rectangular  in 
outline,  but  irregular  ureas  can  be  analysed  by  inputting  a.titudes  lor  the 
whole  of  the  containing  re. tang. e,  .eaving  blank  points  which  tall  beyond  the 
-ut'.me  Tr.ese  u:e  treated  as  cussing  values  and  excluded  from  all  calculations 
and  tabulations  A  quadratic  is  fitted  only  when  all  nine  altitudes  are  non-zero 
It  is  much  more  convenient  to  leave  external  areas  blank  (read  as  zero)  than  tc 
punch  a  number  such  as  -999  in  every  position  It  coastal  areas  with  zero  or 
negative  altitudes  au  to  be  processed  it  will  be  r.e.essarv  either  tc  change  the 
program  oi ,  more  simply,  to  pre-edit  the  file  by  adding  a  constant  to  each 
altitude . 

The  Flume  Ferro  is  a  short  river  in  northernmost  Calabria,  Italy.  It 
rises  at  around  *.  m,  south  ot  >  nolo  but  north  of  Monte  Pollino,  and  flows 
some  3 dkm  to  reach  the  Gulf  c:  Taranto  near  Amendol ara ,  neat  the  middle  of  the 
instep  ot  Italv  Its  steep  .curse  is  eroded  into  recently  uplifted  Cenozoic 
clays  and  sands  Gu..ying  and  landslides  are  common,  and  in  connection  with  a 
survey  of  these  problems  Carrara,  Carratelli  and  Mercr.da,  19  77  )  an  altitude  matrix 
was  generated  Altitudes  were  encoded  in  10m  units  for  a  100m  mesh  matrix, 
from  1  1  ,  maps  with  a  1 . ‘m.  contour  interval  Although  interpolation  of 
altitude  to  2m  might  have  been  justified,  the  coarser  encoding  speeded  data 
apture  and  was  adequate  for  the  high  relief  involved.  The  grid  mesh  in  any  cace 
genera. ises  out  minor  gu...es,  but  represents  the  slopes  into  which  they  are  incised. 
The  matrix  is  contained  within  a  2«2  x  1.8  rectangle,  but  this  provides  only 
1  .  ,  ’9b  ■  x  3  neighbourhoods  for  quadratics  The  region  is  sharply  dissected  and 
without  summit  plateaux  .  the  only  extensive  level  areas  are  the  floodplains  of 
the  Ferro  and  its  mein  tributaries,  which  are  braided  and  choked  with  sediment. 

These  provide  all  211  plain  end  3  pit  points  .  there  are  no  other  zero  gradients. 
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Altitude  : angcs  Mon:  to  ..••Sr.,  with  a  r.eaR  of  -4-.br.,  median  of  uilm  and 
mode  o:  about  udbm  It  as  u  weak  positive  skew,  mainly  because  the  concave- 
up  tail  on  the  high  sice  is  net  ba.anced  by  or.e  on  the  low  side  (Fig. 18). 

Inclusion  .  t  cei.-grau  icr.t  points  leduoes  the  r.ean  by  6m,  but  increases  the 
star.uard  deviation 

The  histogram  ot  aspe.t  (Fig  19;  is  tairly  even  except  for  a  deficit 
or  west-fa. mg  s.opes  :  this  is  te.ause  the  trunk  stream.  flows  first  northeast, 
then  southeast  Tie  resultant  vector  :s  somewhat  north  or  east:  since  many 
or  the  eastward  slopes  are  or.  val ley- f 1 oor s ,  the  strength  cl  the  resultant 
is  reduced  iron  . .  61  rot  unit  . e.tois  t.  .  91  lor  gradient -weigh ted  vectors 

Iradients  are  -nsi-e-eu,  being  tightly  clustered  (S.D.-  ;  around  their 

.  ,o  ,o  .  ,  ,  O 

r.ean  . is  a. so  t.e  -edian,  th- -gh  the  r  ect  is  stared  between  .1  and 

-  a u  !  *  ti  «  «  v  nS 

U  with  I'"  fewer  at  1.1  "here  is  a  slight  positive  tail  up  to  a  maximum 

O  0 

or  35  ,  but  t  is  is  balanced  by  relatively  high  frequencies  below  7  .(Fig. 20). 

When  low  gradients  u:  e  plotted  .:.  .  oeg:ee  .lasses,  many  c.  asses  are  empty. 

This  .s  due  to  the  .oarse  10m;  erticel  -nit  used;  the  problem  abates  with 
m.reas  i  r.g  g.auicnt 

Prcfi.e  nvexity  .has  a  .erv  symmetrical,  .or.g-tai  led  ‘  cquency  distribution 
Fig  .1),  but  in  the  range  j  t.  degrees  /100m  there  are  1ST  more  concavities 
than  convexities.  Hence  both  mean  -  61;  and  median  (-.66;  are  displaced  below 
:er,  Although  there  a:  e  ..  -ore outlet  in  t  e  Ji  -<0  degrees  100m  range  compared 
with  1  concavities  Table  .  this  does  not  balance  the  bias  toward  gentle 
.r.  a  it.es  .  pies-.ma  ly  some  net  concavity  is  due  to  closure  of  the  drainage 
basin  e  xurtosis  of  over  ..  reflects  the  length  of  both  tails  compared  with 
t  «  breadth  :  the  histogram  peas  An  early  run  contained  a  data  error  where  71 
tens  of  -  ) ad  been  transposed  to  17.  This  was  detected  in  terms  of  a  'pit'  in 
the  arrow  map  ar.d  eight  positive  outliers  of  gradient  and  profile  convexity, 

---.pared  wit:  niy  one  negative  ut'.ier  of  the  latter.  The  effect  of  this  imbalance 
was  t.  ar.gc  skewness  of  prcfi.e  convexity  from  *.057  to  -.946,  and  the  presence  of 
utl.ers  increased  kurtoais  from  11  *  to  526  This  was  a  salutary  reminder  of  the 
•  fie  t  of  a  sir.g.e  .arge  data  error  on  higher  moments  of  derivatives. 
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‘.Able  1C.  Summer  ised  liequency  d  is  t  r  ibut  rcr.s  of  convexity  for  Ferro,  Italy.  Numbers 


o:  convexities  i*)  and  concavities  (-)  are  juxtaposed,  for  each  magnitude  range 
t, degrees  per  100m.  m  ea.h  case.i. 

PROFILE  CONVEXITY  PLAN  CONVEXITY 


- 

♦ 

- 

♦ 

J 

above  50 

.0 

•J 

11  above 

500  12 

3 

-0.5  to 

50 . 0 

- 

7  -05 

to 

500  3 

10 

JO  5  to 

-0.5 

21 

21  305 

to 

-05  17 

57 

2  .  to 

30.5 

55 

-2  205 

5o 

305  36 

-51 

10.5  to 

20 . 5 

315 

2  30  105 

to 

205  183 

....  '9 

1.5  to 

10.5 

3485 

3368  15 

to 

105  3366 

659 

0.5  to 

1  5 

803 

1299  5 

to 

15  1352 

58b. 

tota 

1  s 

-685 

-9'8 

totals  -969 

• 

to  -0.5 

♦5  to  -5 

1635 

ev  c :  u 

11  total 

1 1 5e. 

ove  ra 1 1 

total  11582 

me  d  i  a 

n 

-  .563 

median 

-.003 

ike  v 

♦  .05' 

skew 

-1.521 

Plan  convexity  :.as  ever.  longer  tails  (compared  to  its  peak},  and  a  shaip 
mode  at  :ero  which  is  also  the  ~ec:an  (Fig. 221  .  The  mean  at  -.61  is  only 
slightly  negative,  -spared  with  the  standard  deviation  ot  ,  but  there  is  a 
negative  skew  ot  1  A  slight  ex. ess  cf  weak  convexities  is  balanced  by  a 

surplus  of  moderate  concavities,  but  the  tails  are  balanced. 


The  map  of  altitude  shows  the  basin  divided  into  a  broad  upper,  northeast- 

valley 

lacing  valley  and  a  narrow  lower,  southeast -t ac ing. which  is  continued  by  the 

t 

Canale  Ka:a  tributary  around  Oiiolo  The  line  printer  nap  is  printed  in  two 
strips,  ot  which  only  the  larger  tapper )  one  is  reproduced  here  Fig. 23):  the 
lull  extent  or  the  basin  is  shown  by  the  arrow  p.et  (Fig  .2)  The  pattern  of 
aspect  Fig. 2-)  is  ouch  c.earer  than  for  Cache,  and  snows  the  integration  of 
this  tluvialiy-control.ee  topography.  Faoh  valley-side  lias  a  consistent 
aspe.t,  and  this  changes  sharply  at  ricges  and  streams.  The  aspect  map  could 
pass  tor  a  hill-shaded  nap,  illuninatec  iron  trie  south,  at  a  high  angle. 

uiadier.ts  are  steepest  m  the  „ppei  pait  c:  the  basin,  especially  near 
the  concavity  m  its  vat.  me  l-;g  .ib; ,  and  also  m  a  tiibutary  has...  north  of 
the  lower  course  Most  gradients  are  between  li  and  20  degrees.  The  arrow 
plot  (Fig  12;  in  particular  enhan.es  contrasts  in  gradient  (by  the  mean  and 
standard  deviation  .a.ibraticn  pr  .edurt )  and  provides  a  very  graphic  view  of 
the  bas.r.'s  land  rcitr.  More  than  the  other  areas  analysed,  this  basin  approximates 
to  >tr«hier'»  ‘  conditions  ci  uniformity  of  lithology,  soils,  vegetation, 
climate  ar.c  stage  of  develupment,  sc  that  gradients  a:c  almost  normally  distributed 
with  lew  •.  arian  e  ttah.ei's  r.g.r.a.  statement  applied  to  maximum  slope  angles 


of  valley  sides  In  this  case  it  can  be  extended  to  the  distribution  of  all 
slopes )  . 

Ir.  the  map  : profile  convexity  (Fig  .6),  the  most  consistent  pattern  is 
f  concavity,  several  res  -nits  wide,  along  the  valleys.  (This  would  be  more 
apparent  if  the  sca.e  of  s  ailings  was  reversed).  It  is  inter;  •  c  '  • 


plain  of  the  mainstream  by  s.-e  gentle  cor.v*  es,  due  per;.- 


y  .'  w  «  O  M  • 


data  to  10m  The  pattern  of  sharp  cor.  nit  ds  along  ridges  is  .ess  continuous. 

Ir.  the  tributary  basin  noted  abo  e  foi  its  steep  giacients,  it  is  the  lover  slopes 
which  are  convex 

Plan  .nvexity  aptures  the  der.diitic  r;d*e  ime  pattern  more  coherently 
(Fig  Pidge  lines  often  continue  dowr.  to  valley  floors,  just  as  valley  lines 


continue  up  to  cola.  Strong  plan,  but  not  profile,  convexities  are  possible  on 
gentle  slopes 


~d  Kc  .  lonahips 


The  strongest  relationships  between  the  lot.il  variables  are  given  in 
Table  11  Visually,  the  increase  :n  gradient  with  altitude  (Fig. 28)  is  more 
lineai  than  .b  often  the  .use;  the  quadratic  term  is  relatively  ineffective 
C'e:  the  l.->br.  range  m  altitude  and  udcs  only  .0.9  tv  r  Aspect  makes 
negligible  contr ibut ions  to  other  regressions.  Ti.e  increase  of  profile 
convexity  with  altituCe  (r  -  .1831  is  very  slight  and  the  scatter  plot  is 
no  more  impressive  than  that  of  plan  convexity  against  altitude  (r  ■  .050): 
outlying  points  seem  to  have  the  major  influence 

lab.c  11  Multiple  ■  egress. or.s  for  Fe:re,  Italy  Negligible  ccr.tr  ibut  ions 
a:e  omitted  A.titude  is  expressed  as  a  function  of  aspect  if*;;  gradient 
and  profile  convexity  as  :  unctions  of  altitude;  ar.v  profile  convexity  as  a 
Junction  o:  plan  convexity. 
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.3  extreme  .  ah.es  excluded  Jr  or.  the  latter. 


At  any  aspect,  a  broad  band  cf  altitudes  are  present,  but  the  highest  pert 
of  the  basin  has  east-and  north-facing  slopes  The  result  is  that  the  periodic 
regression  of  altitude  or.  aspect  is  a  positive  function  of  sin  £ ,  with  the 
cos  9  term  negligible,  so  that  the  tegiession  passes  through  a  maximum 
c89r. )  at  east  9  he  spite  the  lack  of  west-f  ecir.g  si. pcs  at  tic  lcvest 

altitudes  where  the  ; nstreem  f  lows  east-southeast  ,  minimum  altitude  1 400m) 

is  predicted  at  west  The  amplitude  f  the  regiessior.  is  considciably  '.css  than 

one  drawn  by  visual  fit 

The  relationship  between  profile  and  plan  convexity  (Fig. 29)  (r-  .170) 
here  is  one  of  the  strongest  observed,  and  is  increased  to  r  •  .205  when  values 
more  extreme  than  -  505  degrees  100m  in  plan  convexity,  or  -  50.5  ir,  profile 
convexity,  ate  ex  luded  The  s  alter  plot  suggests  a  slightly  skewed  cross,  with 
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variations  o:  each  variable  greatest  when  the  other  is  near-zero.  The  slight 
tilting  o:  each  o!  these  he  its  is  responsible  for  the  positive  correlation. 

’.he  plot  plan  convexity  against  gradient  (Fig. 30)  is  a  salutary  reminder 
that  lac k  rrcluticr.  does  not  imply  lack  ot  relationship.  The  scatter  of 

points  is  triangular,  centred  on  a  plan  convexity  o!  zero  and  with,  a  1  road  base. 

o  ♦ 

Below  S  gradient,  plan  convexities  range  to  over  -  500  degrecs/lOOm.  Between 

6°  and  1'^  they  are  below  -  dOO,  and  mainly  below  -  150.  Above  25'",  they 
♦ 

are  all  below  -  100.  Such  a  relationship  is  typical  of  this  pair  of  variables. 

Finally,  the  plot  of  gradient  against  aspect  (not  reproduced  here)  shows 
that  only  a  limited  number  of  combinations  is  possible.  This  eiJect  is  due 
to  rounding  ct  altitude  to  10m,  and  is  most  marked  on  gentle  gradients  and 

near  the  axial  directions.  It  hes  little  consequence  for  the  statistical 
descriptors . 

The  Ferro  basin,  in  sunnary,  is  a  well-dissected  area  of  moderate 
and  steep  slopes,  with  relatively  little  variation  in  gradient.  Both  crests 
and  valleys  are  sharp,  and  there  is  a  broad  range  of  altitude.  Frequency 
distributions  of  altitude  and  gradient  are  almost  unskewed.  Fuller 
interpretation  will  be  possible  when  results  from  a  number  of  fluvial  basins 
ere  available. 
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Chapter  ivt 


DE  TAILED  EXAMPLE  OF  ANALYSIS  Of  A 

I  RECTANGULAR  AREA: 

■  ,  OK  A  .  .“.a,  .  S.A. 

(  5a  )  I  nt  t  ion 

The  Cache  area  .res  at  the  toot  ot  the  Wichita  Mountains,  and  consists 
largely  ot  the  adjacent  undulating  lowland.  It  had  been  chosen  for  experimentation 
with  altitude  matrix  data  produced  by  the  L’NAMACE  automated  stereoplotter,  and 
*  re.ated  digital  mappping  for  the  present  project,  data  tor  u  2.5  x  5  km  area 

east  ot  Ca  -he ,  ti*«  *1  5  to  »»k.t  east  and  30  5  to  jd  km  r.crt:  on  the  1  2»,c.x'  map, 
were  made  available  fiery  second  point  along  each  traverse  was  selected,  so 
that  a  grid  mesh  ot  25m  applied  along  both  axes.  The  area  was  divided  into 
three  100  x  100  square  matrices,  which  were  then  analysed  separately. 

Cache  1,  at  the  southern  end, is  mainly  lowland;  Cache  3  at  the  northern 
end  is  „pland  with  broad  .alleys;  and  Cache  2  straddles  the  fairly  sharp  boundary 
between  the  two.  Altitudes  are  much  more  tightly  grouped  in  Cache  1,  where  they 
range  : rom  36*  to  398m,  than  in  the  other  mati ices  :  Cache  2  (Fig  31)  ranges 
from  3'9  to  and  has  a  standard  deviation  almost  as  high  (Table  5)  as 

Ca:he  3,  which  ranges  from.  -.03  to  52bm.  Be^a-se  Cache  2  contains  more  lowland 
than  upland,  it  has  a  greater  (positive  skewness  of  altitude. 

Gradients  also  increase  from  Cache  1  to  Cache  3,  with  Cache  2  being  precisely 
intermediate  in  mean  The  mixture  of  terrains  in  Cache  2  gives  it  a  gradient 
variability  (Fig. 33)  gieater  even  than  Cache  3  Ske-ness  .  s  posit,  c  in  all 
thiee  matrices  and  increases  sttengly  as  mean  gradient  falls  toward  the  lower  bound 
of  zero  This  skewness  induces  a  tiend  to  positive  kurtosis. 
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(5b)  His  cog:  a  ms 


Profile  ar.J  pier,  convexity  have  both  positive  and  negative  values 

i.Figs .  3-1,35} ,  and  r.tir.  values  aie  ^lose  to  ieri  as  expected.  Their  stundard 

deviations,  which  measure  the  magnitude  ol  curvature  whether  convex  or  concave, 

show  little  ditteience  between  the  three  matrices.  Those  tor  plan  convexity 

are  much  greater  then  tor  ncr.-Ci.  .«  matrices.  The  positive  values  ot  kurtosis 

affirm  the  long  tails  at  but!:  extremes. 

Table  1.  summarises  the  trequen^y  distributions  ot  profile  and  plan 

convexity  There  is  a  prevalence  ot  pro!  lie  concavities  ever  profile  convexities, 

c 

but  this  comes  essentially  t rom  those  gentler  than  dC  ICOm  Really  sharp 
profile  convexities  and  concavities  are  .imited  to  Ca.he  .  A-tho-gh  means  are 
negative  oor.cu.e  .n  ca...  r.atiix,  interpo.ated  medians  are  approximate  1  y  equal 
to  means  and  the  u : s t r ibu t ions  a: e  unskewed  except  fot  Cache  1.  The  strong 
positive  skew  ot  Ca.he  1  appears  to  ref.ect  the  extreme  values,  with  13  convexities 
between  3c  and  .HO1"  lOOe  compared  with  only  6  concavities 

Plan  convexities  or.  the  other  hand  are  dominantly  positive,  especially 
between  15  and  3c\  .  t  A.Sc  there  are  rattier  mere  extreme  convexities  than 

concavities.  Because  .  f  these  tails,  means  ai e  more  convex  than  medians,  and 
skewness  is  somewhat  pcsiti.e  Tie  unusually  strong  positive  skew  of  plan 
convexity  fot  Ca.he  J  is  net  apparent  in  the  histogram,  and  may  reflect  the 
maximum,  aloe  ol  ♦6,-1'  cum.parec  with  the  minimum  ot  -1,833  Six  convexities, 
but  no  concavities,  are  s..«rpei  then  200C  degrees/ 100m. 

All  the  convexity  histograms,  especially  for  Cache  1,  ate  'spiky', 
that  is,  certain  .asses  are  much  mote  Irequent  than  adjacent  ones.  Aspect 

is  similarly  afle.tec,  with  greater  Irequencies  for  classes  covering  the  eight 

o  o 

most  .ardir.a.  points  e  g  215  ,  315  )  and  to  some  extent,  the  next  eight 

o  ^  o 

e  g.  112.3  , ’  5  Pig  32;  Such  spikiness,  or  extreme  multi -modality, 
is  not  a  reflection  ot  true  surface  properties  but  an  artefact  of  the  data  In  this 
ase,  it  seems  that  t  «  data  are  inadequate  in  .ow.and  and  vailay  areas  because 
altitude  is  recorded  to  the  nearest  metre,  which  is  comparable  in  magnitude  to  the 
local  relief  Hen  e  adja  ent  attitudes  commonly  difter  by  only  one  unit,  or  not 
at  all,  and  their  discreteness  limits  the  nur.be:  of  possible  aspects,  gradients 


Table  12  .  Summarised  frequency  distributions  of  convexity  for  the  three  Cache 

matrices.  Numbers  ot  convexities  (♦)  and  concavities  (-)  are  juxtaposed, 
tor  each  magnitude  range  (degrees  per  100m  in  each  case),  and  zero- 
gradient  points  are  classified  below. 


PROFILE 

CONVEXITY 

Cache  1 

Cache 

Cache  3 

- 

♦ 

- 

♦ 

- 

♦ 

above  50.0 

6 

13 

0 

0 

0 

0 

-0.5  to  50.0 

3 

1 

0 

0 

3 

5 

30.5  to  -0.5 

• 4 

14 

13 

9 

17 

18 

20.5  to  30.5 

16 

13 

33 

46 

122 

120 

10.5  to  20.5 

127 

111 

320 

275 

764 

631 

1.5  to  10.5 

3717 

3--2 

3787 

3266 

3515 

2843 

0.5  to  1.5 

9- 

112 

168 

160 

360 

342 

totals 

3967 

3"06 

-321 

3756 

4781 

3959 

*0.5  to  -0.5 

867 

906 

741 

overall  totals 

85-0 

8983 

9481 

med lan 

-  15 

-.31 

-.61 

mean 

-  15 

-.36 

-.60 

skew 

♦  .  74 

♦.08 

♦.17 

PLAN 

CONVEXITY 

Cache  1 

Cache  2 

Cache  3 

- 

♦ 

- 

♦ 

- 

♦ 

above  500 

19- 

223 

110 

120 

75 

98 

*05  to  500 

198 

1  C  7 

127 

63 

65 

305  to  -  5 

197 

186 

130 

128 

118 

106 

205  to  305 

lie 

157 

57 

115 

159 

138 

105  to  205 

1513 

1630 

1360 

1465 

854 

913 

i-n 

r* 

O 

O 

987 

1069 

1505 

1705 

2  202  2 

858 

5  to  15 

115 

105 

253 

219 

420 

408 

totals 

33-5 

3570 

3572 

3899 

3891  4 

586 

*5  to  -5 

1625 

1 

512 

1004 

overall  totals 

85-0 

8983 

9-81 

median 

♦  .7 

♦ 

1 . 1 

♦3.5 

mean 

*7.2 

♦ 

4.7 

♦  8.6 

s  k  ev 

*.48 

♦ 

.32 

♦6 . 80 

ZERO  - 

GRADIENT  POI 

VT  C 
.»  i  > 

Cache  1 

Cache  2 

Cache 

_3 

plains 

1011 

595 

110 

sucxr.i  t  s 

9 

6 

3 

ridges 

15 

4 

3 

saddles 

5 

6 

3 

val leys 

13 

6 

1 

pits 

11 

4 

3 
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and  convexities,  where  gradients  are  low 


Confirmation  c:  this  dis.t  eter.ebs  in  the  dat»  cor.es  iron  the  large  number 
ot  zero-gradient  points.  In  particular,  the  number  oi  'plains'  (3x3 
neighbourhoods  with  all  nine  a.titudes  identical)  increases  :iom  110  in  Cache  3 
to  b'ij  in  Cache  -  unc  a  remarkab .  e  ..  (out  o:  9,00*.  neighbourhoods)  in 
Cache  1  The  (much  smaller,  numbers  oi  other  types  o!  zero-gradient  point 
increase  in  the  same  direction  (Table  1-  .  Only  one  zei  o-g;  ad .  er,t  point,  a 
summit,  lies  within  the  hill  area,  or  above  •«2-m  .  this  shows  that  the  one- 
metre  vertica.  unit  -s  satis: artery  tor  hill  areas  though  problematic  £  or 
lowlands  To:  the  Icelandic  mountains,  «  5m  unit  produces  very  lew  zero 
gradients ) 

Histograms  :.i  a.t.t-oe  show  mat  it  is  :ar  liom  normally  distributed, 
nor  is  it  simply  positive. ewed  •  A  tendency  to  bread  peans  procu-  es  negative 
kurtosis  ex. opt  ir.  Cache  .  ,  where  the  extreme  .ur.g,  :lat  tail  trots  the  small 
mountain  a:eas  preu-^es  strong  positive  u,  -  ompar.ied  by  positive  kurtosis. 

(The  main  pait  o:  tha  -istributior.  is  •  «twc  a:.c  but  the  tail 

extends  to  -8  j-  gi.iug  a  strong  impression  ot  a  mixcc  distribution!  Fig  31). 

The  histograr  tor  Came  ;  is  e.en  stranger  its  main  bu.k  spans  the  whole 
altituCf  .  ■  i  .  '  oir  .  ,  :  •  ,  r.  .g  ei  tai.  ar.u  an  impellent  peak  at 

lower  a.tituoes  cor  responding  to  a  dr.  *  ir.tei  ntunc  .a..ey  Clearly  it  is 
unreasonable  to  exped  a.titude  to  be  normally  distributed  lor  square  areas  of  this 
size 

The  gradient  histogram,  lor  Cache  .  has  a  simple  positive  skew,  but  that  for 

Q 

Cache  .  rig  jjj  is  b.moca.  with  a  snai  p  pear,  around  1  <as  in  Cache  1)  and  a 

broac  peak  arour.c  .  In  Cache  3  the  .at  ter  is  breeder  and  mere  continuous  with 

o 

a  peak  at  .  ,  where  frequencies  are  somewhat  greater.  The  maximum  is  no  greater 

c 

than  lor  Came  .,  so  the  higher  mean  gradient  (5  8  /  comes  1  rom  the  larger 

o 

proportion  ol  giauients  around  .0 

Aspect  Fig  .)  shows  a  tendency  to  d-*”  in  Cache  1  and  2  and  329'  in  Cache  3. 
Due  to  the  way  these  were  formatted,  it  is  necessary  to  subtract  90'  from  these 
figures,  l  e  the  tendency  is  really  to  the  south  east,  or  southwest  in  Cache  3. 

The  tendencies  simply  rel.ect  the  small  extent  (2  5  x  2  5km.)  of  the  areas  covered, 
having  only  a  lew  major  topographic  features. 


(5c)  Maps 


Maps  ot  altitude  show  that  the  aim  mountains  are  in  the  northeast  ot 
Cache  J  and  northwest  ot  Cache  2  (Fig. 56).  In  Cache  1  the  relatively  highest 
ground  is  along  the  western  edge,  with  a  small  hill  also  on  the  eastern  edge. 

Aspect  varies  rather  abruptly  in  Cache  1,  lorming  a  mosaic  of  small  blocks. 

More  consistent  patterns  are  round  in  Cache  5  and  tne  northwest  of  Cache  2 
(Fig  .  J') . 

The  basic  spatial  pattern  ot  gradient  (eg  Fig. 38)  follows  that  of 
altitude,  but  the  hill  crests  are  broad  enough  to  have  zones  of  reduced  gradient 
up  to  12  mesh  units  wide  (i  e  up  to  300m)  This  suggests  broad  upper  convexities. 
The  production  or  a  further  gradient  map  with  a  fixed  'universal'  series  of 
..ass  limits  at  .1C,.  and  --  degrees)  permits  the  three  matrices  to  be 

compared,  but  these  maps  lose  much  dif t erent la t ion  and  serve  mainly  to  confirm 
the  value  of  calibrated  c.ass  limits.  The  arrow  plots  (Figs  6  to  8)  show  the 
pattern  within  ea.h  matrix, especial ly  the  long,  flowing  slopes  of  Cache  3,  but 
they  should  not  be  compared  because  of  their  different  class  intervals.  Use 
of  the  same  intervals  for  all  three  maxes  Cache  1  a  .ary  flat  map.  Ever  so,  a 
-ertair.  ’bletkiness'  is  apparent  in  Cache  1  (Fig. 6),  which  presages  the  problems 
discussed  below 

As  higher  derivatives  are  taxen,  the  results  are  more  sensitive  to  data 
quality  Maps  of  altitude,  gradient  and  aspect  are  perfectly  acceptable,  but 
those  o:  profile  convexity  provide  a  shock  (Fig. 39).  The  lowland  areas  of  all  three 
matrices  form  a  pattern  of  juxtaposed  convexity  and  concavity  which  would  be  chaotic 
were  it  not  tor  a  distinct  east-west  Iineation,  across  the  scan-lines  of  the 
UNA.MACE.  Sometimes  a  column  of  seven  values  in  the  top  convexity  class  are 
juxtaposed  with  seven  in  the  top  concavity  class,  implying  very  linear  corrugation 
of  the  surface  at  high  f  equencies  The  effect  is  consistently  concentrated  on 
south-facing  slopes  and  at  388~392r  altitude. 

This  iineation  cannot  be  due  to  the  alternation  of  scanning  directions,  since 
that  would  produce  ar  orientation  90°  different  :  it  appears  that  CONPLOT  2  copes 
with  this  prrblem  Following  conversations  with  Dr  V.  Lagarde,  Iineation  is 
attributed  to  mechanical  hysteresis  in  the  UNAMACF  system.  It  appears  to  overcorrect 
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so  that  errors  of  alternate  sign  occur  2 5tr.  apart  along  a  traverse.  This,  and 
the  concentration  of  error  or.  south-facing  slopes,  nay  warrant  further 
in\  e  s  t  igat  ion  by  these  processing  I'NAMACE  data  It  also  seems  that  analysis 
o:  the  present  type  is  userul  m  testing  data  quality 

Plan  convexity  exhibits  a  blockier  spatial  pattern,  with  a  certain  amount 
o:  lineatior.  (Pig. 40).  Although  this  has  the  sane  orientation  as  for  profile 
curvature,  it  is  differently  located,  especially  on  slopes  lacing  east  or  west. 

There  are,  however,  substantive  results  from  the  maps  of  convexity,  within 
-pland  areas  The  broad  convexity  o!  ridges,  noted  above,  is  apparent  in  profile 
convexity  maps,  and  changes  rapidly  into  the  concavity  of  footslopes.  The  hill 
slopes  are  therefore  cor.vexo-conca. e ,  with  little  rectilinear  element  Plan 
convexity  maps  pick  out  the  pattern  o:  subsidiary  ridges  ve.l,  but  convexities 
are  still  broad  except  at  cels,  where  the  concavities  o:  valleys  or.  either  side 
often  meet.  A  map  with  more  extreme  class  limits  is  more  successful  in  picking 
out  ridge  lines  and  valley  lines 
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5d  >  Re  1  at  unships 


Correlation  coefficients  below  12  show  that  linear  (or  per:  e. aliens 

between  gradient,  aspect  and  the  convex. ties  are  weak.  This  is  confirmed  by 
scatter  plots,  except  that  plan  convexity  is  more  extreme  on  low  gradients, 
giving  a  strong  triangular  relationship.  Plan  and  profile  convexity  have  very 
weak  positive  intercorrelat ions :  scatter  plots  c:  one  against  the  other  suggest 
four  tails  forming  a  slightly  skewed  cross. 

In  upland  areas,  altitude  correlates  positively  but  weakly  with  plan  and 
(especially)  profile  convexity  Fig.-l  shows  how,  in  Cache  ,  many  more 
extreme  plan  convexities  and  concavities  are  found  on  the  lowlands  below  -lOm. 

This  is  consistent  with  the  contrast,  already  noted,  between  Cache  3  anc  Cache  1. 

The  correlations  of  .  .  ~  to  lb  between  altitude  and  aspect  (expressed  as  cos  6, 
sin  t?)  s  i  — ■  1 y  reflect  the  limited  area  covered  by  each  matrix. 

By  : ar  the  strongest  correlations  are  between  gradient  and  altitude, 
weak  only  in  Cache  1  where  the  range  ot  altitude  is  highly  restricted.  This  is  not, 
however,  a  linear  relationship.  both  Fig. -2  and  the  other  two  scatter  plots  shew 
parabolic  relationships,  with  lower  gradients  at  both  high  and  low  altitudes,  and 
a  broad  maximum  between  (Gradients  over  1 5C  are  found  between  a  1 5  and  *6012  in 
Cache  2,  between  -2..  and  **7im  and  -85  and  506m  in  Cache  3).  Hence  inclusion 
of  a  term  in  (a  1 1 1 tude ) *  increases  correlation  by  some  .06.  The  regression 
coefficients  show  that  the  trend  does  not  reverse  within  the  range  of  gradients 
encountered,  l  e  gradient  goes  on  increasing  with  altitude  and  the  equation 
dees  not  provide  a  close  fit  to  the  observed  trends.  The  complexity  of  F;g.d2 
comes  from  the  presence  of  two  rounded  ridges,  at  difierent  altitudes:  each 
produces  its  own  'limb'  of  low  gradients.  It  is  complexities  such  as  this,  and 
triar.gu.ar  relationships,  which  make  it  vital  to  inspect  scatter  plots  before 
interpreting  even  quite  high  correlation  coefficients  (.74  in  this  case  for 
the  linear  relationship) 


lab', e  13  Multiple  regressions  for  the  three  Cache  matrices.  Negligible 


contributions  1  r orr.  uspe.t  terms  are  omitted.  Gradient  is  expressed  as  a  function 

of  altitude,  its  square,  and  aspect.  Profile  and  plan  convexity  are  expressed  as 

2 

functions  of  altitude,  gradient  and  aspect.  Coefficients  of  deterr.ination(R  ) 

are  given  for  one  controlling  variable  (the  first,  altitude),  for  the  first  two 

together,  ar.d  for  the  complete  equation.  Note  that  due  to  the  input  format, 

o 

aspect  f0)  has  been  displaced  clockwise  by  90 


MATRIX:  DtP. VAR.  CONTROLLING  VARIABLES 

COEFFS, 
1 -VAR . 

.OF  DETERMINATION (R') 

2 -VAR.  TOTAL 

1  Grad  -  -2.8'5alt*.0038  alt*’- 

.105  cost1  ♦  536.-' 

.093 

.  102 

.  107 

2  -  *  1.90a  alt  -  .0021  alt'  - 

.205  sine  -  -22.59 

.5-8 

.638 

.640 

-  ♦ 1  648  alt  -  .001'  alt'  ♦ 

. -61  cos0  -  339.73 

.352 

.—9 

.-56 

1  Profc  *  ♦.169b  alt  (♦.010  grad.i  ♦ 

. 7 3-  s in8  -  6- . -6 

.015 

.015 

.021 

2  -  ♦  1299  alt  -  .61'  grad 

-  5-. 31 

.038 

.090 

.090 

3  -  ♦.!--!  alt  -  .5-9  grad  - 

.  2  '-  cos  6  -  .  365s  ir.6 
-  60.56 

.07- 

.111 

.113 

*  Pianc  — ♦ —  oo  ..  a 1 1  b  3 .  Igrau  ♦  6. 

76  cos6  -  -.99sir.  H 
-1522.31 

.005 

.006 

.006 

2  -*l.C96alt  -  -  -92grad  ♦  9 

16  cose  -419.25 

.003 

.006 

.007 

3  -*1  a!3alt  -  5  -'6grad  *  3. 

03  ccsf*  -  10.16sinP 
-5". 16 

.01- 

.021 

.022 

Table  13  gives  the  results  of  multiple  regressions.  In  predicting  gradient, 
aspect  adds  little  to  the  parabolic  effect  of  altitude.  The  whole  equation  is  quite 
different  for  Cache  1  compared  with  the  other  two  matrices.  Profile  and  plan 
convexity  increase  with  altitude  and  decrease  with  gradient  throughout,  but  aspect 
has  little  effect.  The  predictability  of  profile  convexity  is  low,  and  that  of  plan 
convexity  is  negligible. 

The  Cache  area  may  be  summarised  as  an  upland  fringtwith  broad  summit  convexities 
and  convexo-concave  slopes  on  the  hills  (Cache  2  and  Cache  3).  Gradient  increases 
with  alcitude  until  the  surxr.it  convexities  are  reached.  Gradients  are  oust  commonly 
1  or  2*  in  the  lowland,  and  roughly  10L  in  the  upland  :  none  exceed  2C°.  Plan 
and  profile  convexity  increase  weakly  with  altitude,  and  aspect  shows  little  relation 
to  surface  form  Second  derivatives  arc  difficult  to  interpret  in  lowland  areas 
because  of  data  problems 
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HiKR  APPROACHKS  10  TERRAIN  ANALYSIS 


'  '  Sp*-  "a.  .xn.i !  y  s  i  s  ,  iilterir.g  and  autocorrelation 

Rough  surijci't  contain  variability  at  various  spatial  scales.  By  filtering 
the  original  uata,  it  is  possible  to  produce  generalised  versions  of  terrain; 
this  s  espe  ial  y  use!,.)  for  'noisy'  data.  It  nay  be  interesting  to  separate 
'rough'  and  intermediate  corponents  of  variability  from  'smooth'  by  applying 


.  .  gh,  low  ar.d  b 

andpas s 

f  i  1 

lers,  or  by 

repeated  filtering  (Tobler,  1969a1: 

Ch  1 

i>  a.  >t  easily 

and  r<- ' 

Id!'. 

v  achieved 

at  a  are  in  altitude  matrix  :  iir. 

In 

t:  is  way  'r.icrc 

toll*  t 

a  nd 

;  cs.  rcl  ief 

'  cot;  Id  be  separated;  b  u  nc  c  inin« 

ing 

■  tati.it..  t  that  the:,  is  a  1  ear-cut  distinction  '  e  twuu  these  .u:  •  1 1  -> 

has  yet  been  piw.ded. 

Lathi  :•  '  At  presupposing  that  variation  occurs  at  certair.  d»  stit.  e  . 

.  apply  spectral  analysis  to  distinguish,  the  strength  .  : 

v  i-  a-  ea.':  scale'  (for  classes  of  scale,  each  covering  a  certain  band  of 
a  i  >  s  .  is  is  tu.ilitated  by  the  processing  of  equal-spaced  points 
.:  .  long  terrain  profiles.  In  spectral  analysis,  a  profile  is  viewed  os 
:  r.g  from.  •  supe  r  i  npcs  i  t  ion  of  sine  (and  cosine)  curves  with  various 
: .  •  gths,  ea  h  o:  wh  i  !.  has  its  own  amplitude  and  phase.  Such  a  model  is 
a  •  r  r.at'.v  tine  series  generated  by  superimposed  periodic  processes 
csp>-  i.illy  :r.  elc .  tric.nl  engineering)  and  for  t'.i  study  of  ocean  waves  (Longuet- 
s ,  .  ,  ’  .t  there  i  s  no  process  justification  for  its  application  to 

arbitrary  terrain  profiles.  To  interpret  such  profiles  as  the  result  of  super- 
ir.p.'Si  .!  s.-illati  ns  contradicts  all  that  we  know  about  processes  of  erosion  and 
dep.  siti.r..  Spectral  analysis  of  arbitrary  terrain  profiles  is  purely  phenomen- 
-Icgical,  an.  gives  n.  h.rpe  of  a  process  interpretat  ion,  nor  can  the  resu.ts  be 
'..serf  directly  to  predict  gcomcrphic  processes. 

Nevertheless,  spectral  analysis  of  a  profile  provides  four  parameters  which 
-av  be  of  descriptive  value.  These  are  (Pike  and  P.ozer.a,  1Q75);  (i)  the  magnitude 


and  (ii)  the  spacing  of  any  marked  periodicities  along  the  profile;  (iii)  the 
contrast  between  longwave  and  shortwave  variability;  and  (iv)  the  total  variability 
in  the  spectrum.  Pike  and  kozejw  (1975)  provided  n  coitparison  of  five  profiles 
for  wavelengths  between  2-.0  and  ),  70Or.,  together  with  a  thorough  review  of  previous 
one-ditaer.s  i  cna  1  spectral  applications;  Yagodina  (  1975)  analysed  69  profiles. 

Hec  se  ot  various  preprocessing  operations  (windowing,  filtering,  tapering) 
necessary  fcr  the  analysis  of  finite,  discrete  data  (Rayner,  1971),  the  analyst 
is  involved  in  subjective  rule~of~thumb  decisions;  the  variability  in  the  spectrum 
ray  be  considerably  less  than  the  total  variability  of  altitude  (Report  2).  The 
loss  of  information  is  such  that  it  is  inadvisable  to  perform  manipulations  in 


the  spectral  domain,  for  example  to  calculate  derivatives;  after  transformation 
back  to  the  spatial  domain,  considerable  distortion  will  have  been  introduced. 

Ibis  applies  to  both  digital  and  optical  operations.  Although  various  rules 
r.ave  been  prop  sed,  the  final  choice  of  the  parameters  depends  on  a  subjective 
trade-off  of  stdelobe  suppression  against  variance  loss.  Considerable  experience 
:s  required  before  spectral  analysis  can  he  properly  applied,  and  different 
researchers  will  make  different  decisions  even  for  the  same  spatial  series. 

Since  replicable  periodicities  are  rare  in  studies  of  natural  topography, 
and  even  in  the  study  of  engineered  surfaces,  characterization  of  spectra  involves 
principally  (iii)  and  (iv).  Over  a  given  range  of  wavelengChs , (iv)  (the  total 
•  ,ir  i  a'-  i  1  i  ty  is  proporti  r.al  tr  the  average  height  of  n  spectrum,  i.e.  the  variance. 
•  r-  .  ati  tc.  til),  Sayles  and  Thomas  (1978a)  claim  that  the  slope  of  a  plot  cf 
„  '.aria  .  .lgcir't  leg  (wavelength)  ter.us  to  a  universal  value  of  2.  Their 
,  .do:  i  :  •  :s,  reproduced  in  Thomas  and  Sayles  (1978),  spans  seven  ar.d  a  half 
it'-mi  •  •.  s  a ve length,  fror  -..r  to  1  V,  and  consists  cf  data  from 

.c  e;  g  -i .  re  s.riaoes,  from  runways  and  from  six  natural  microreliefs  (four 
t*.-.  rettri  an  rw  lunar  .  There  is  no  doubt  that  this  vast  compendium  cf 


spectra  gi'.os  nn  ove 


1  ‘•'.one  of  approximately  2.0,  but  as  Berry  and  Hannay  (1°78) 


individual  spectra  (coveiing  up  to  four  decades, and  usually 


tn  • 


1 


two)  vary  iron  1.1  to  3.0  and  cover  the  whole  range  of  possible  'fractal'  surfaces 
(discussed  in  section  (fib)).  lr.  reply,  Sayles  and  Thoir.as  (197Rb)  adnit  this 
variation  hut  emphasise  the  central  tendency;  the  rear,  slope  is  1.98,  and  10 
of  their  23  data  sets  have  spectral  slopes  between  1.9  and  2.1.  Mandelbrot (1975) 
shows  that  a  Brownian  sheet  gives  a  spectral  slope  of  2.0,  but  he  expects  natural 
terrain  to  give  2 .4  or  2.5. 

The  result  is  best  interpreted  by  considering  spectra  which  would  result 
f ror.  superimposing  similar  waveforms,  with  amplitude  varying  in  direct  proportion 
tc  wavelength  so  that  the  mean  gradient  was  identical  for  each  waveform  and  only 
dimension  (scale)  varied.  A  plot  of  log  (amplitude)  against  log  (wavelength) 
would  then  have  a  slope  of  1.0.  Since  variance  (P.S.D.)  is  proportional  to  the 
square  ot  amplitude,  a  plot  of  log  (variance)  against  log  (wavelength)  would  have 
a  slope  of  2.0.  Hence  the  "common  natural  law"  discovered  by  Sayles  i  Thomas 
(19’8a)  is  simply  that  the  shape  or  gradient  of  wave  forms  at  different  scales  is 
constant.  The  scatter  about  their  o£  «2  line  covers  two  decades  of  variance, 
i.e.  one  decade  of  amplitude  in  relation  to  wavelength.  The  variation  in  arctan 
gradient)  thus  implied  is  tenfold.  Because  of  their  standardisation  (by  k) 
procedure,  gradient  variation  between  data  sets  has  been  removed:  the  tenfold 
variation  is  within  data  sets.  Sayles  and  Thomas  (1^78a)  have  therefore  demonstrated 
that,  over  two  logarithmic  decades  of  wavelength,  amplitude  is  likely  to  vary  by 
two  decades,  plus  or  minus  one  decade.  However,  their  evidence  of  sloping  spectra 
for  23  data  sets  is  important,  since  surface  modellers  have  often  assumed  'white 
noire  (flat)  spectra  up  to  a  sharp  cut-off  frequency  (Wh itehouse  and  Archard  1970; 

Nayak  1971). 

The  four  terrestrial  microreliefs  included  in  that  study  are  a  lava  flow, 
a  micro-badland,  and  two  military  proving  grounds.  These  are  not  representative  of 
the  earth's  surface;  they  contain  nucii  more  variation  at  short  wavelengths  than 
is  comnon.Som.e  of  these  'pectra  are  taken  from,  analyses  by  Rorena,  and  they  can  be  seen 
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.  i ..  'fitly  it.  figures  7  to  9  of  Kozeaa  (1969).  There  it  is  evident  that  their 
"  s  are  sti  I'i'ir  than  -2.0,  especially  if  the  convexity  around  50m  wavelength 
. guoreu.  his  convexity  may  be  due  to  the  detrending  procedure  used  to  remove 
longwave  variation:  Ro/eaa  ( 1 96 )  does  not  state  the  length  of  his  profiles, 

Cl.':  th  s  no:  appears  to  be  of  central  importance. 

lor  the  approximately  straight  section  of  Ro.-e«a's  (1969)  log-log  plot, 

::  23  to  Jr  • .vivo  length,  spectral  gradients  for  four  lunar  profiles  are  approximate! 

,  -J.  .  ,  .  I  and  -2.60.  For  both  the  Perth  Aaboy  badlands  and  the  Bonito 

'  !  a  :1c.  ,  r  v  ar«  -J.*';  for  the  Aberdeen  proving  ground,  -2.7;  for  the  vuma 
:  • :  r.p  grew.:,  ;  icr  the  Cinder  lake  crater  field,  -1,0;  and  for  the  Sufficin' 

t  crater,  '  ..25.  Clearly  the  latter,  steeper  spectra  inplv  more  difference 
rr  between  spatial  scales,  whereas  the  badlands  and  lava-flow  are  more 
!  r  i udfpt  :: ih  r. t  . 

n.i  spectral  slopes  as  calculated  by  :e>  t—quares  linear  regression  (with 
•  \  axis  reversed)  by  Pike  nr.  1  Fozexa  (1^75)  for  their  five  contrasted  r.esorelief 

:  il»  •'  art  w.06,  -2.1'  ,  -2.35,  -2.93  and  -3.09.  These  profiles  too  are  not  a 
•  :•  se-  tativc  ••ample,  but  they  do  show  that  ir.  terrestrial  topography  variance 

likely  t.  be  more  concentrated  at  longer  wavelengths  than  is  implied  by  the 
:  ir  -avofo-m  -odd.  Pike  and  Rozema  (1975, p. 512)  actually  claim,  following 
•  t  ui,  ''"at  "At:  overall  spectral  slope  of  -3  is  thought  to  indicate  a  "uniformity" 
t  pog: aph :  slope  for  all  features  in  an  area,  regardless  of  their  size."  From 
;;  re.i3or.irg  above,  and  from  the  results  of  Savlrs  and  Thomas  (1978a) ,  this 
v ; ears  tc  :  false:  -  should  be  reolaced  by  -2.  The  error  nay  be  due  to  confusing 
tiling  :  tli  vertical  axis  of  the  power  spectrum. 

Related  :o  :  e  analysis  of  power  spectra  is  that  of  autocorrelat ion  functions, 
m '.  c  t  s  •  ctoilatior  between  lagged  pairs  of  data  points  as  functions  of  lag. 
s  toe  ;s  - -or.  in  the  study  of  engineered  surfaces,  where  (among  others) 
as  I-  -,p.205)  has  asserted  that  "the  geometry  of  surface  profiles  can  be 
s-p.  i :  i . ■  v!  .mplttelv  by  two  parameters,  the  r.m.s.  roughness  and  the  correlation 
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>,t  "  i  [Pi  .Iso  itehuus*  ,md  Ar chard  1970:  r.m.s.  roughness  is  simply  the 
»ru  i.«:vi.  t  :  u  •:  th.  height  frequency  distribution,  providing  a  r.easurt 
t  vertical  ..  irvr.s  i .  ■  )  .  oncept  c!  correlation  length  is  based  upon  ne.ir- 

■  .nctonie  orr.o::  1  ;•  exponential)  decline  of  autocorrelati  on  with  increasing 
.  i,'.  art  several  competing  definitions;  correlation  length  for  distance) 

the  distar.ci  required  for  ac  tocorrel  at  icn  to  de  line  either  to  1  (Vh  itehouse 
ar.t  Art  hard ,  1“  or  to  1  1C  (Thomas,  1975)  of  its  initial  value  of  +1.0. 
a  ge-vrp’el  ,•  application,  Drevry  (1975)  las  independently  defined  ar. 
t  '‘err'  la:  .  r  tar.r-  as  the  lag  .  •  vrhich  autocorrelation  declines  to  a 

•live:  con:  i  •  <  •  e’  "usually  taler,  as  95T".  Interestingly,  be  pairs  this 

r.  lasett  r  it:  stu.  y  cl  Antarctic  subglacial  morphology  with  the  stancard 

f  iat!  :  c  t.  •:  ,  gi-'.r.g  u  .'-parameter  ebaracteri  ration  conpar  »bl  e  tc  that 

•.•'••  y  r  any  •  r.g :  r.t  <  rs  . 

r.  ::  :r.a:<  Iv,  the  implication  of  tin  linear  slope  of  roost  spectra  is  that 
. :  :  c  r  •  •  1  igh-poss  filteting  ( d.et  rending)  procedures  chang*  the  autocorrelation 
this  i  .  :  lea  ns t rate*  by  Thomas  and  Saylea  ( e . g .  1978,  fig.  4b) . 

<  . rr.  it : or  length  therefore  increases  with  profile  length,  as  docs  the 

I'  i  o  o:  •  eights.  Autocorrelnt  icr.  functions  are  meaningful  only  or.  the 
..  t  1 >. -urp;  :  is  power  spectra.  hayles  and  Thomas  (1977)havc  proposed  use 

■i  t  •  #•  •  :  ru  t  .  :  r.  :  :  1  (of.  "uth.er  on ’s  scr  i  ■  var  i  ogr  am;  see  Hui  jhregts  ,  1975) 

as<  •  •  s  .-  •  laggt  ifferencei  ins  tea*  ol  products;  thia  is  independent 

t  e  r-e  plant  ar  I  ~ay  :e.a".  letter  with  some  types  of  nonst  ationaritv .  It 

s  •  t  •  >  it-  onstrati  ,  .  ever,  that  this  is  a  general  solution. 

a  further  lair  -ortained  in  Sayl es  and  Thomas  (197Pa)  is  that  since  spectra 
p  t  •  1 rs  :  surfa  ** s  have  a  universal  slope  of  2,  a  single  parameter,  V, 
uni  .  ’  let  ires  the  statistical  geometry  of  nr  isotropic  surface  for  a  given 
i.r.g  v.r  •  1  erg :  ,s " .  r,  the  ’topothesy’,  has  units  of  length,  i.e.  it  is  a 


■  1  ter.  s  .apt  as  beer,  assumed  invariant.  This  single-parameter  approach 


ic.i  ■;  :i>;.  .1  i  4I1 '  v  generalising  view  of  surfaces,  and  represents  backsliding 
ire-  1  1  v.i\  1 1  at  two  independent  parameters  (vertical  and  horizontal  dimensions) 
iti  required  to  characterize  unworn  model  surfaces.  Shape  jji  likely  to  vary  am' , 
as  ’.hoir.as  and  Sayles  (1978, p.  In7)  admit,  further  parameters  are  required  for 
■  •  run-in)  surf aci s .  fer  natural  surfaces,  even  more  parameters  will  be  required 

..'11  it  t  .  to  tl  is  topi--  m  the  concluding  chapter. 

Sine.  *v  p  :h.e;.y,  k ,  :  •  the  only  scale  parameter  in  Sayles  and  Thomas's 
''hi)  arproac!  ,  it  rust  mens'  re  vettical  as  well  as  horizontal  dimension,  the 
being  is  •;  vmed  proport  iota  1  to  each  ether.  Ir.  ctlier  words,  it  is  a  measure 
i  roughness  and,  li'e  the  variance,  will  be  greater  for  longer  profiles  on  th. 

~.f  surfa  e.  will  th.*  substitute  ~  proposed  by  Derry  ar.d,  !  ar.nay  ( 1  *57 B)  for 

•  •  .  sc  ol  •  .  r  ■  »**  s;  ec  t  r  al  si  ope  ,oc  : 

.  i  n-,/) 

.  K 

.  r  these  proposals  fall  victim  to  the  lad  of  ar.  upward  vavelergth.  limit  or. 
it.  ii  i  lity  V. :  h  :  r.  hot  one  her r  cf  r.cr.st  at  ionari  tv  .  1’ov,  then,  can  a 

•  ;  reset  t  it  ;ve  re  is  ir-  of  horizontal  dimension  li  obtained? 

'  .teh  vise  has  proposed  an  average  wavelength 

\  ■’tP 

'  •  ‘  a  ‘  a 

•  1  is  : :  *  -ear  Ti  ght  deviation  and  (  is  average  slope.  Likewise  Tabor 

■  *5)  has  shown  that,  :  r  several  models  of  surface  contact,  the  onset  of 
p  tic  de  *  -metier.  cepe:  .is  or  average  slope  .  In  the  Creenvood-V'i  1 1  i  amson-Tr  ipp 
-  e  .  ;*  i«  given  ..pproxirat c ly )  by  (the  square  root  of)  the  mean  deviation  cf 

•  i  ?  y  ;  hts  divided  hv  the  (ccr.stant)  radius  of  curvature  of  nsperitv  tips: 
tl  •  Vh : tehouse -Archard  -ode:,  it  cores  from  (the  square  root  of)  the  standard 
.at: on  .  .  -he  height  distribution  divided  by  the  correlation  distance.  In 
ther  w  r.i  r.tet  dependence  of  the  three  profile  parameters  vertical  dimension, 
r'  ' o r •  a  1  oimenjiar  arc  mean  slope,  most  apparent  ir.  a  'sawtooth'  model  profile, 

•  ...  ,.s  .  ■  .  ’  t  r.d  •  he  third  parameter,  given  any  two;  there  are  two 


degrees  ot  freedor  in  such  si  rip I e  profile  models.  It  is  therefore  unnecessary 
ti  rrsort  to  spectral  analysis  (which  gives  two  parameters,  the  average  height 
and  the  spectral  slope,  tor  a  linear  sloping  spectrum)  to  characterize  a 
profile;  the  same  ir.t  err.at  ion  is  implicit  in  mean  gradient  and  vertical  dimension. 

Consideration  of  this  engineering  literature  therefore  supports  ny  case 
(Ivans  1  9  against  spectral  analysis,  and  buttresses  use  of  the  moments 

and  derivatives  proposed  here.  (The  use  of  moments  of  the  height  distribution 
is  frequent  in  studies  of  the  wear  of  engineered  surfaces,  especially  by  Undo 
.me  *otar.i,  I*}?5  and  by  Stout,  King  and  Whitehouse,  1977.  The  use  of  slopes 
and  curvatures  is  also  found;  see  the  bibliography  by  Thomas  and  King,  1977). 

A.th  . g slope  and  curvature  distributions  are, as  both  engineers  and  geonorph- 
1  .  :sts  have  found,  highly  sensitive  to  sampling  interval  (spatial  resolution), 
trey  ir.  almost  insensitive  to  the  longwave  variations  (’trends')  likely  to  be 
found  ir  georerphie  surfaces,  bene  it  is  more  essential  to  specify  sampling 
interval  than  length  of  profile.  Spectral  analysis  and  autocorrelation  methods 
pr.  ile  parameters  which  fail  to  be  intrinsic  surface  properties  for  the  quite 
ittirent  reason,  that  there  is  no  upward  wavelength  limit  to  variation.  They 
iii  rsinsitive  tc  sa-plir.g  interval  because  variance  at  short  wavelengths  tends 
t  -...  lower:  tie  observed  slope  of  terrair  spectra  reduces  the  problem  of 

ili  sir...  Ki  r  spe  tral  and  autocorrelation  pax  ar.eters  it  is  therefore  desirable 

•  the  sampling  interval,  hut  essential  to  state  the  length  of  profile 
: t..i  v.iricc1  preprocessing  operations.  The  spectral  model  is  unnatural  for 

...  -  • ii  data,  and  is  sensitive  tc  various  types  of  nonst  at  i  or.ar  i  ty  which  are 

;V.  .  :r  spatial  data  (Granger,  lQb9  ;  and  Poport  3). 

:< fcrcnc<  fer  moments  of  derivatives  is  based  on  their  more  direct  relevance 

•  georcrphii  pre  esses,  as  well  as  the  possibility  of  avoiding  preprocessing 
per  ti  c.s  which,  involve  many  subjective  decisions.  As  I  wrote  in  1972,  both 
spe  tral'  and  'derivatives'  techniques  "probably  produce  similar  inf ormat ion . . . 

They  differ  in  the  information  which  they  make  expl ici t ,.. ."(Evans, 1972, p. 36) . 
he  sensitivity  of  spectra  tc  nonstationarity  makes  it  difficult  to  apply 


•  hemal  ie.il  studios  on  the  statistical  properties  of  rough  surfaces  viewed 
a •  realisations  of  stationary  stochastic  processes  (Longuet-Higgirs ,  1962  ; 

..oak,  l‘fl);  these  are  also  heavily  dependent  in  the  assumption  of  a  Gaussian 
,  istribun.cn  of  heights.  It  is  renarkable  that  these  unrealistic  models,  which 
:r.uot  hope  I.  «  apture  the  wealth  of  variability  of  geomorphic  surfaces, 
r.  ft  the ’ ess  provide  the  basis  for  tolerable  statistical  predictions  of,  for 
example,  the  diffraction  o!  echoes  and  electromagnetic  waves  (Beckmann  and 
v  p  i  zz  i .  hir.o  ,  1^61;  Berry,  1973).  These  theories  are  said  to  work  well  for 
•e  i  i.  and  :  r  relativt  ly  smooth  surfaces,  though  Beckmann  and  Spizzichino 
■<h  >,p...!0;  do  admit  that  "terrain  is  less  easily  described  statistically  than 
•<  surface  of  the  sea;  the  variance  of  the  results  is  very  large...".  Presumably 
these  diffraction  phenomena  are  insensitive  to  differences  in  surface  shape 

!  art  ct  importance  ir.  geomorphology.  For  similar  reasons,  the  mathematical 
:  t  i  s  ot  rer.ander  f  1 0  T  s  ;  Freiberger  and  Grenander  ,  1977)  are  difficult  to  relate 

r  real  .Tor.  -ph.ic  surfaces  ar.d  to  process  studies  by  geomorphologists. 

:ar,  attention  has  beer,  focussed  on  profiles.  Extension  to  surfaces 
■treat  ly  magr.it  it  s  the  technical  and  geomorphologi  cal  problems  of  spectral  analysis, 
mg'-  an'  '*<  rriam  (196®i  applied  double  Fourier  series,  while  Rayner  (1971, 

'  al  .'’.tinted  twc~dir.ensicn.al  spectra  for  several  altitude  matrices  and  gave 
technical  details.  In  his  program,  variance  is  calculated  for  square  cells 
;  tie  .’-P  ppe.  tra!  domain.  Because  of  the  rapid  increase  in  variance  with  vave- 
■  •..th,  .  I  is  almost  impossible  from  these  results  to  assess  differences  in 

i:  ■_*  •  :th  orientation,  within  a  given  waveband.  .There  are  also  problems  of 

•  aid.  ’leakage’  of  variance  along  the  principal  axes  of  the  spectral  domain. 

A  spectra!  model  cannot  cope  with  several  properties  of  real  geomorphic 
surfaces,  such  as  curving  ridges  (which  blur  directional  attributes  of  spectra) 
rid.es  *  steadily  changing  width  between  converging  valleys  (which  blur 
spatial  frequencies).  Spectra  vary  not  only  with  geology  but  also  with  position 
j.  crcs.ora:  system,  so  that  it  is  almost  impossible  to  meet  stationarity 

r-  i  rements  even  after  trends  in  the  mean  have  veen  removed.  Spectra  of  most 
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uac  ;r..  I  terrains  seer,  to  vary  continuously  in  their  properties. 

Vhere  terrain  is  lineated,  it  may  be  better  to  calculate  one-dimensional 
spi  tra  separately  along  the  grain  and  across  the  grain  (e.g.  for  a  drunlin  field 
oi  nr  structurally-controlled  relief).  Even  so,  a  profile  must  be  long  enough  to 
include  r-.tr.ernus  examples  of  all  the  wavelengths  important  in  that  context,  without 
•  r.  s-.-.  a  regional  boundary  and  mixing  different  spectra.  Some  regions  are  not 
large  enough.  :o  provide  such  profiles.  Spectral  analysis  is  much  less  useful  for 
ce:r.t.  geonor phone try  than  for  the  specific  geomorphoret ry  of  carefully  chosen 
p:  i’  :  t-g-  along  a  river  bed).  Finally,  it  should  be  noted  that  spectral 

a:...!ys:;  is  undirected:  it  deals  (in  2-D)  with  orientation,  not  aspect,  and  cannot 
hand  i  asymmetry. 
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' '  ■  )  i  rart  a  1  s 


R.B.  Mandelbrot  (,1967  ;1977)  has  assembled  and  integrated  a  number  of  diverse 
.. thematical  concepts  and  observations  into  a  model  which  he  applies  to  georaerpho logy , 
hydrology,  astronomy,  ar.d  blood  circulation.  In  terms  of  graphics  in  his  1977 
volume,  gecr.orphology  has  pride  of  place.  This  synthesis  poses  a  challenge  to 

-orphologists  to  analyse  data  in  such  a  way  that  the  realm  of  application  of  the 
iract.il  concept  may  be  defined,  and  to  demonstrate  deviations  from  what  must  be  an 
ovt  r:  ■  im.pl  if  ied  model.  As  yet,  they  have  not  responded  to  this  challenge. 

Mandelbrot's  synthesis  does  not  provide  an  alternative  system  of  landforr. 
anal  vs i s ;  the  basic  tractal  model  is  istropic  and  has  two  parameters,  and  so  it 
i:  express  only  certain  aspects  of  land  surface  form.  However,  it  is  the  most 
ri  ilisti.  surface  model  to  emerge  from  mathematics,  and  hence  is  of  special  interest 
t.  those  •••ho  wish,  to  generate  'synthetic  terrain'.  Further,  it  is  highly  relevant 
t  the  sensitivity  of  terrain  properties  to  the  spatial  resolution  at  which  they 
art  measured:  therefore  it  will,  exceptionally,  be  considered  here. 

A  very  brie:  summary  of  the  fractal  concept  will  be  given,  starting  with 
itc  application  to  coastlines.  It  is  necessary  to  study  Mandelbrot's  illustrations 
:  ..l'.  t  appre  i.ite  the  relevance  of  fractals  but  the  following  basic  notions  are 
i nvo Ived . 

fi  A  frockv)  coastline  is  so  irregular  at  all  scales  that  its  length  is 
■  ire1,  only  with  re:  pc.  t  to  the  unit  increment  rj  with  which  measurement  is  made. 

•  :  :  r.  m  Richardson  1  M)  are  quoted  to  demonstrate  a  linear  increase  of  log 
.«r..  h  as  leg  rj  is  decreased,  mainly  over  the  range  from  1,000km  to  30km 
„ith  r.e  further  data  point  each  at  2,000km  and  10km).  A  considerable  amount  of 
.  vi  reported  by  Volkov  flQt>0)  also  supports  this  observation. 

(  i  i  F.cv.*ver  irregular,  a  line  has  the  topological  dimension  1  .  Models  can 
.  devised,  however,  of  lines  which  are  so  irregular  that  they  fill  the  2-d imer.s iona 1 
sracc  in  which  thev  are  embedded;  such,  for  example,  is  the  case  for  Brownian  motion, 
'f  is  useful  tv  attribute  such  lines  a  fractal  dimension  ,  0,  of  ,,  to  supplement 
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t  notion  that  their  topological  dimension  is  1.  In  general,  a  fractal  is  a  set 

:  wit;  h  I)  strictly  exceeds  the  topological  dimension. 

lit)  The  length  ot  a  fractal  line,  measured  with  unit  increment  ') 

\  1  -  D 

A  r  .  1-D  turns  out  to  be  the  gradient  of  Richardson's  log  log  plot , 

i!e  A  is  an  approximate  measure  of  extent  of  the  line  in  dimens ic:  ^  and 
r!t  sctu’.  property  that  unlike  any  measure  ot  line  length,  it  is  independent 

f  • 

■  v  j  iruotals  are  ;el ;  -similar,  that  is,  invariant  to  certain  transformations 
.  :  enlargement  of  any  part  hears  a  statistical  resemblance  to  tie  whole. 

.  •’  lot’s  ..bsertior  that  fractals  are  realistic  mode  lx  tor  coastlines  n  1  : 

.•  :: iicf,re  implies  that  no  scale-dependent  phenomena  are  involved.  In  •  • 

a  «  •.,  far.de  It  r .  t  !c‘  )  hints  at  limitations  ti  this  assertion.  On  pa,.  .  .  ,  a 
r.  stunt  T  at  scales  of  interest  in  geography  ( ltn  to  100km)  "does  not  cx'l  O 
at  in  the  r  .rgi  ot  sices  of  interest  to  physics,  the  coastline  may  ha -t 
it  rent  .  .  and  n  p..-,  the  loss  ot  very  large  and  very  snail  scales  is 

fi  ll  Al:.  -st  e-erywfere  ir.  l.ature,  both  cutoffs  are  either  present  cr 
spec  ted." 

)  land  surfaces  ir«-  also  irregular  and  thus  have  a  fractal  dinensie;  in 
•  :  ,  it  less  chan  three .  One  possible  t  lei  for  such  surf 

«•  ’‘r,  wri  at;  plant  to  line  function;  this  exhibits  global  interdependence 

s  sell  ir.terse.  t  i .  ns ,  ar.  could  be  accounted  for  by  a  random  f  aul  tit..  css. 

•  er,  it  s  i'*2.  and  is  too  irregular  to  represent  most  natural  surla.es. 
t:ci  (r  i.  'persistent')  surfaces  arc  generated  by  f  ractioi.a  1  Brcwr.i  e;  jl 
me  funct  t.s  :  that  with  D-d. 25,  though  in  some  ways  too  irregular,  s  the 
r...i  :  i  exhibited  to  date  f Mandelbrot  1*177,  top  of  pp.,.10  &  21.).  1.  same 

•  :  ;  pr.  •  ics  I>1.2  for  its  coastline,  which  is  the  maximum  value  scggisted 
Richardson's  ata.  Mandelbrot  derived  a  further  value  of  0*1.1  for  coastlines 
's  lav  frr  the  s  i  ze- f  requency  distribution  of  islands;  here  l)  is  ,i 
;■  :  : regret  fat  ion,  tather  than  the  irregularity  of  a  continuous  line  Finally, 
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there  is  scute  analogy  between  these  values  and  a  Hurst  coefficient,  H,  of  .8 
for  time  series  such  as  river  discharges  which  exhibit  lone  term  persistence, 
since  these  can  be  modelled  by  fractals  with  D  «  1/H. 

The  geonorphologist  Bust  immediately  point  out  several  landforms  where 
scale  is  important;  sand  dunes  (Wi 1  son, 1 971 )  and  possibly  drumlins  (Rose  and 
Letzer  1977).  Self-sirei larity  cannot  apply  to  these:  but  it  must  be  admitted 
that  there  are  few  rigorous  studies  of  landforr.  scale  in  geomorpholcgy . 
Ceomorphologists  should  feel  prompted  by  Mandelbrot  to  demonstrate  exceptions 
to  self-similarity,  since  these  would  show  the  importance  of  seal e- sp<-  •  i f i c 
processes,  past  or  present. 

Studied  at  higher  resolution  than  30km,  coastlines  are  not  a  promising  field 
for  self-similarity.  Firstly,  they  are  polygenetic .  Secondly,  we  expect  both 
geologic  structures  and  geomorphic  processes  to  operate  at  characteristic  scales. 
For  example,  the  width  of  landslides  increases  with  the  height  of  cliff;  if  the 
latter  is  constant,  coastal  irregularities  will  be  produced  at  a  well-defined 
scale.  Sandy  beaches  are  smooth  at  seal es  from  ki 1 ometres  to  millimetres,  save 
for  the  possible  presence  of  beach  cusps  which  are  highly  periodic  and  scale- 
specific,  hence  non-fractal.  A  fractal  by  definition  has  no  determinate  tangents, 
and  therefore  no  orthogonals;  but  orthogonals  to  beaches  have  very  interesting 
process  implications  (Davies,  lqr>8.  1972).  Since  beaches  in  coves  often  alternate 
with  rocky  headlands,  to  restrict  fractals  only  to  rocky  coasts  at  still  water, 
as  Mandelbrot  (1977  , p. 28)  wisely  does,  is  a  considerable  retreat  from  generality. 

In  the  absence  of  relevant  data .however ,  these  observations  constitute 
whistling  in  the  dark.  The  existence  of  digital  'world  data  banks'  of  coastlines 
makes  extension  and  amplification  of  Richardson's  results  easy,  and  finer  scales 
can  be  studied  from  large-scale  map  sheets  which  exist  in  digital  form;  no  further 
digitising  is  required.  This,  then,  is  a  further  challenge  to  geomorphometri sts , 
and  this  challenge  extends  to  surfaces.  It  is  urgently  necessary  to  obtain 
empirical  values  which  could  be  interpreted  as  the  fractal  dimension  of  land 
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i  :.g  ".tr.ilf  Ihrt't  s  visual  <  and  s.  ra  tiros  poetic)  calibration 


'is  i. s s  •.  t  i  i  r.t end ed  .is  a  c.  nstructiv.  response  t  ror.  a  geom.orphe legist 

itir.g  poss ibi 1 i ties  presented  to  geonOT-hol ogy  by  a  r.athenat  i  c  i  an  .  It 
se  :h.  !uty  •••  ,i  scientist  to  consider  the  realise,  of  such  models  with 
■  •  :  .-.1  ivt  t 1  an  a  statistician.  Unlike  aussiar.  or  Brownian  models, 
a.s  wif  e:-.  si  or.  D  between  J.O  and  2.‘  succeed  in  modelling  the  spatial 

«rsist«r..i  1  real  topography.  They  omit  the  organising  tendencies  due  to 
•  i  a-  ’her  pr.  esses  which,  tend  to  give  r.<ore  continuity  of  slope,  and  to 
till  r  •  .  -  :t  st  depressions ;  her  e  in  many  areas  depressions  are  much 


.  s  :  :  e ;.  i 


:  .  summits.  rh<  [uest i  n  may  be  asked ,  whether  geoo  rph- 


.  .i  •  ,r.  1  .-ener.il  .urfa.es  can  he  modelled  without  taking  the 

ic  v  :  vers  tnt.  a  .-court?  fractal  models  are  purelv  phenomenological  , 

re  leva:  i  t.  earth  surface  processes.  The  model  of  scale-independent 
•  a..:.:,  M-.i  '•  ”ar..'.el brot,  :  even  a  model  of  random  uplifts,  is  of 

,  , i»  .<•  interest  si:  .  it  is  infeasible  both  geophysically  and  geomorpho logically 
r  •  .  s  s ,  the  ‘v.  tal  r  dels  remain  the  most  realistic  available;  this 

.  .mm:  th.  ever,  greater  lack  of  realism  in  other  models.  They 

:  rt  rr  starting  point  for  further  work,  especially  in  the 

•  .  :  :  at:'.  ;  ,  1  terrain.  Vuch  of  the  criticism,  noted  here  is  based  on 

.  ,.r.  .  : :  i  >  s  :  r.  drumline,  sar.d  hones,  and  heach  cusps);  this  ray  see- 

:  ,  ,  .  i s- s  f  spi  t  ral  analysis  in  the  previous  section,  emphasising 

.  -  •  i :  ■.  •  •  •  for.  .1  ;tiis  ;r.  natural  landforms  (especially  in  two  dimensions' 

th<  t:  m-..st  he  that  there  are  elements  of  periodicity  in  this 

r a  •  1  ■  :  r  tal  ■  r  .  1 .  The  tw-o  approaches  should  he  reconciled:  meanwhile,  fractal 

i  •-  the  ’r  .11  ypotheses'  from  which  invocations  of  periodicity  and 

.  •,  .  ■  i  r  :  e  « <  •  c  mu  s  t  demons  tr  at  e  s  i  gn  i  f  i  a  r.t  devi  a  t  i  on . 


1 '  c )  Lth.er  corpu ter-based  approaches 


A  nunbei  ot  other  approaches  require  briet  consideration:  these  are  computer' based 
in  that  surface  attributes  are  produced  by  a  computer  program,  operating  on  digital 
altitude  data.  The  techniques  are;  (i)  power  series  trend  surface  analysis,  (ii) 
eigenvalues  of  altitude  matrixes,  and  (iii)  texture  analysis.  Older  work  such  as 
that  ci  Hobson  (1967)  and  Turner  and  Miles  (1968)  was  discussed  in  Kvans  (1977). 

For  slope  mapping,  l.ecarpcntier  (1979)  has  applied  a  system  based,  like  Hobson's, on 
isosceles  but  non-equi  1  ateral  triangles.  The  work  of  Hermann  (1968,1971  )  ar.d  of 
"arV  (197‘-d)  is  discussed  in  section  (2c)  above.  An  unpublished  draft  by  Tertnar. 

lw,’2)  reported  an  analysis  of  altitude,  gradient  and  curvature  distribut ions  for 
a  200ta"nesh  6  x  6km  matrix  covering  the  Half  Moon  Bay  area  of  California. 

Low-order  power  series  polynomial  trend  surfaces  (where  altitude  is  regressed 
or.  northings  and  eastings)  have  been  fitted  to  subjectively  selected  altitude  points, 
tor  example  by  Monmonier  (1969).  The  fit  of  such  models  to  the  data  is  usually 
given  in  dimensionless  terms  as  R*  ,  but  this  should  be  supplemented  by  the  standard 
err  r  of  the  estimate  of  altitude.  For  extensive  areas  of  erosional  topography, 
the  fit  of  linear,  quadratic  or  cubic  surfaces  is  very  poor,  unless  there  is  some 
underlying  tectonic  or  constructional  form  and  the  data  points  are  selected  very 
carefully.  For  example.  King  (1969)  and  Beaumont  (1970)  have  attempted  to  establish 
the  present  form,  of  warped  planation  surfaces  ir.  this  way. 

King  (1969)  interpreted  clusters  of  positive  residuals  as  nor.adnocks,  and 
cluster  of  negative  residuals  as  early  valleys  or  dovnvarps.  1’nfortunatcly ,  there 
is  no  reason  why  these  two  different  effects  should  balance  each  other  exactly, 
as  required  by  the  least  squares  fitting  techniques,  and  there  is  a  fundamental 
contr adi ction  in  interpreting  such  groupings  of  residuals:  if  the  residuals  are 
au  toe  orr  e a  ted  in  this  way,  the  procedure  of  fitting  trend  surfaces  is  seriously 
distorted  (Tarrant,  1970;  I'nvin  and  Levin,  1®. 1).  Where  altitudes  are  sampled  more 
objectively  (Thorne*  and  Jones,  1969),  degree  of  fit  is  quite  weak  and  there  is 
strong  spatial  autocorrelation. 
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'  >' r  otci'i  tor  n.s  should  ’c  added  until  residuals  car.  be  treated  us  random 
; !  this  is  not  :  eas  i  h  le  ,t)  e  trend  surface  model; 

'■.tlut  -  function  ♦  random  error 

■  .ppropriat. .  One  of  the  early  proponents  of  trend  surface  analysis  wrote  more 
.  irt'v  tlat  '  "hough  widely  used,  it  cannot  he  anticipated  that  polynomial  or  Fourier 
«  •  .i'.  e  genet  ic  sign  if  icance  for  the  spatial  variability  o!  most  l.artl  science 

Les".  Wl  itten,  Halyavs) i v  and  Zharnovakiy  (  197  3)  exaggerated  slightly 

when  they  stated  that  '!  ven  for  comparatively  small  areas,  the  actual  surface  of  the 
ear-  s  rot  described  by  elementary  analytical  expressions". 

■  ot  the  studies  to  date  has  der . -r.s  t  rat  ed  that  there  is  a  clear  contrast 
■  •  <  'signal'  .ir.d  'noise',  or  between  'signals'  at  discrete  spatial  scales.  Father, 
: n  M.r ! a  es  have  simply  provided  generalised  descriptions  o!  the  broadest  regional 
:  •  .  •  the  land  sur1 ace;  similar  generalisations  can  be  obtained  by  empirical 

<r  'hmg  Tcbler,  l^*'-a  .  I.ike  spectral  analysis,  trend  surface  analysis  see-s 
:  • .  r  u 1  when  applied  : .  specific,  r eac i ly- i dent i f i ed  land forms  such  as  alluvial 

pediments  Troth,  1 0 f* s ;  note  the  use  of  polar  coordinates)  and  ruia< 
inn  rley,  1967;  »ray,  1976  .  Broad~acale  ('global')  tr<- 

..  <  s  ir <  :  1  -it.  !  value  within  general  Reororphor.etry . 

•  :  i-r  t.  rique  sc’  widely  outside  geornorpb.omet ry  is  eigenvalue  analysis. 

pp..t  t  rrelati  r  covariance  matrices,  this  is  known  as  principal 

-  an.:  lysis  .  Gcul:  l°h',  p.Kl-t'-i,  proposed  and  exemplified  its  appl  i  rati  or 
ti  ♦  r  .  a:.,-.,  lar  altitude  -atri  es,  doubled  over  to  form  square  matrices,  with  numbers 
>-ed  .  r  •■.  range  (',1  ,  and  the  identity  matrix  added  "so  that  we  Lave  a 

st  ind  ir  r  mparative  purposes".  For  a  s-octh  plain,  ail  eigenvalues 
•  r  in  t’»  : . r s t  art  .ere:  this  is  modified  by  addition  of  'he  identity  matrix, 

.•  r  1  '  prop  sed  use  of  th.c  ratio  of  the  first  eigenvalue  to  the  second  as 

i  r«  .io,ro  surface  sme  thness,  possibly  after  extracting  r.aior  trends. 

:i.s  prop  »a  1  is  seductive  tc  those  who  prefer  complex  approaches  to  simple  ones, 

:•  •  an.  withstand  little  ritical  thought.  What  docs  this  intangible  ratio  tell 

»  •  at  -•  •  .  •••  lent  in  simple  form  from  any  measure  of  the  variability  of  altitude? 
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Vincent  and  Poole  (1978)  pointed  out  several  problems:  in  particular,  addition  of  an 
identity  r.atrix  modifies  the  results  (in  general,  it  adds  a  high  ridge  along  the 
principal  diagonal)  without  preventing  the  occurrence  of  negative  eigenvalues. 

It  is  not  surprising  that  these  authors  "were  unable  to  detect  any  clear 
pattern  amidst  either  the  eigenvalues  or  the  eigenvectors  of  appropriate  matrices " 
constructed  f ror.  theoretical  terrain  models.  There  is  no  justification  for  eigenvalue 
analysis  of  altitude  matrices. 

Some  analogies  to  the  problems  of  land  surface  form  analysis  may  be  found  in 
pi  tv  it  processing  operations,  where  altitudes  may  he  treated  as  'grey  levels', 
iv'^snk-  .  Dye.  and  Rosenfeld  (1976,  and  earlier  reports)  applied  a  variety  of  such 
operations  to  air  photographs.  They  found  that  the  co-occur renoe  matrix  features 
.  :  F.iralick  were  no  more  efficient  (in  discriminating  terrain  types  on  the 
irhonitcrous  of  Kentucky)  than  simpler  features  based  or.  histograms  of  grey  level 
ditferences  at  given  lags;  and  that  both  were  considerably  more  efficient  than 
Fourier  power  spectra  statistics,  even  when  'aperture  effects'  distorting  the 
spectrum  were  removed  (Dyer  and  Roser.feld,  1176).  The  co-occurrence  r.atrix  cross- 
clas:.ifies  the  frequency  of  grey  levels  associated  at  a  given  lag.  Mean  differences 
between  (Queen's  case)  nearest  neighbours  usually  perform  ns  well  as  any  other  features 
the v  correspond  to  apparent  slopes.  In  some  cases,  improvement  could  be  achieved  by 
ic  a'.  averaging  of  picture  grey  levels  before  analysis. 

This  endorsement  of  relatively  simple  operators  is  most  encouraging,  as  is 
the  statement  "The  textures  of  the  terrain  samples  may  be  more  appropriately  modelled 
statistically  in  the  space  domain  rather  than  as  sums  of  sinusoids"  (Verzka,  Dyer 
and  Roser.feld,  1976  p.285).  Although  work  in  picture  processing  gives  the  impression 
of  mathematical  sophistication,  it  is  in  fact  highly  empirical.  Those  descriptors 
found  most  useful  turn  out  to  be  crude  estimators  of  the  process-related  descriptors 
proposed  in  this  Report,  nevertheless,  further  developments  in  picture  processing 
will  be  followed  with  interest  since  some  may  have  implications  for  the  more  specific 
application  considered  here. 
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t ! .or  nor.- c  c  mp  i :ter~based  approach es 

All  the  approaches  considered  above  arr  computer-based  fron  the  outset  in 
:  er.puter  programs  operate  on  altitude  data.  A  further  set  consists  of 

:  i.  he-  vl  ich  r.ay  (Scott  and  Austin,  1971:  Pike,  1972)  or  ray  not  lead  on  to 
ter  .u.alvsis  c:  descriptors,  which  have  been  derived  manually.  Obviously,  it 
-t  pcs  .  . <  here  to  review  such  work  thoroughly,  but  generalities  concerning 

<  c :  the  more  important  contributions  will  be  considered. 

As  dis  sse.  in  Ivans  (19'2),  the  main  problems  with  manual  general  geotrorphometry 
:•  .1 1  iplicity  of  different  measurement  operations,  and  the  variability  of  the 
i "•  -  r  .  :  •  .  they  are  measured.  From  maps.  Wood  and  Snell  (I960)  measured 

rage  si.  5  e ,  grain  spacing  o!  majot  ridges  and  valleys),  average  altitude, 

;<  .  : .  :  .  '  an.ges  ,  r-  lief,  and  altitude-relief  ratio.  Crabau  ( 1°5P)  and 

;  .  •  1  s-  Q)  used  modal  slope  and  relief,  number  of  steep  slopes  per 

i,  id  ar.i  n  ris!  i.  plan-profile  with  t-,7,6  and  2“>  classes  respectively.  Dan" 
-ill  :s  v  a ' i  r  a  .  ros s-c 1  as s i f i c at  ion  of  cr es t -pe akedne s s  (2  classes),  ”  area 
pi-  .  g  s  lasses;cf.  altitude-relief  ratio  and  hypsometric  integral), 

aritv  la  ses  arc  parallelism  (2  classes)  of  highs,  plus  a  separate  class 

’r.  pron.  ec  highs  ,  r  lows'.  Hence  the  system  is  based  on  seven  variables. 


art  coarse! j 

••  pre-c 

1  .tssified. 

Th  c  .-gh  u  i  d € !  * 

••  quote 

:,  the  ‘characteristic 

plan-prof  i 

le’  system  is 

less  often 

vd  an A  would 

appear 

difficult  to  automate. 

.  The  main 

problems  arc 

the  coarseness 

•  i  ..Hu  s  cr.ccal  local  variability  in  many  regions;  the  fact  that 

•.rent  cl.  is  1  -its  will  be  relevant  to  different  purposes;  and  the  arbitrary 
re  r :  the  definition  of  'highs’  and  whether  they  are  'sharp'.  Parry  and  Beswick 
id.'ptt  1  fb  this  syrtem  and  Wood  and  Snell's  (l°6p)  system  to  quantitative 
: re  erf  from  i r  photos,  but  devoted  an  inordinate  amount  of  time  for  the 
: 1 1 1  -  of  'highs';  separate  de t e rm i na t i on  of  each  variable  from  air  photographs 


..  very  ti-e  •  r.sumir.g  procedure. 

,gb  tl  r-  is  -msiderable  overlap  between  the  two  systers,  van  Lopik  A 

d : .  v  f  ust  gr-'ir  or  average  altitude,  while  Wood  and  Snell  (llJ60)  did 
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not  use  crest-peakedness ,  linearity  and  parallelism.  There  nay  be  sont*  relation 
between  'slope  direction  changes'  and  'number  of  steep  slopes  per  mile',  in  vhict 
case  nine  distinct  variables  are  involved.  All  of  these  are  covered  by  the 
present  automated  system,  if  linearity,  grain  and  slope  direction  changes  are 
considered  as  functions  of  the  plan  curvature  frequency  distribution.  Parallelise 
is  given  by  the  strength  of  the  periodic  regression  of  altitude  on  aspect. 

Another  approach  cones  from  the  commendable  attempts  by  Speight  (195b,  197- , 
19'e>  ,  1Q77)  to  lend  precision  to  land  form  description  in.  connection  with 
Australian  land  system  studies.  In.  197i,  Speight  distinguished  landform.  elements, 

:  sore  JOm.  extent,  from,  landform  patterns  of  seme  30Om.  extent.  The  latter 
involve  more  subjective  properties  such  as  grain,  relief  and  drainage  network 
type,  while  elements  are  described  by  altitude,  slope  and  context.  In  197ba 
Speight  described  separate  procedures  for  delimitation  and  description  of 
landform.  patterns  at  500m  -  3km  scale:  3  to  5  coarse  classes  were  used  for  each 
variable,  and  excessive  reliance  was  placed  or.  basal  and  summit  'surfaces  of 
accordance',  which  are  very  difficult  to  define. 

In  Speight  (l 976  ).  many  types  of  landform  elements  were  grouped  ir.tc  3- 
classes,  ar.d  a  large  number  of  landform  patterns  were  recognised.  Landform 
elements  are  essentially  'slope  facets'  ar.d  in  basing  his  measurements  on  thes* 
Speight  is  taking  an  essentially  atomistic  view  of  the  laud  surface  (see  chapter 
7c).  The  main  problem  is  the  considerable  variation  in  spatial  extent  of  both 
elements  and  patterns,  within  which  geometric  variability  is  ignored.  While 
?p<  i gb. t  considered  regions  and  facets  inescapable,  1  feel  that  scale-dependence 
makes  calculation  of  gradient  over  variable  areas  dubious,  and  calculation  of 
convexity  almost  worthless. 

Ir.  terms  of  definition  of  variables,  Speight's  main  ccntribvit  ion  is  his 
insistence  or.  the  importance  of  context,  e.g.  distance  fnn  crest  and  he-'ght 
above  stream.  Calculation  of  these  context uli  variables  is  important  for  the 
study  of  geomerphic  processes,  but  requires  a  different  type  of  program  to  the 


rut  one,  which  is  confined  to  local  calculations.  Slope  length  is,  however, 
ulated  in  n  program  fcv  Moore  fi  Thornes  (1976).  This  type  of  analysis 
id. dies  t : .  transition  from  genera!  geonjrphology  to  the  specific  morphometry 
•slope  profiles  (“long,  1975). 

Finally,  it  nay  sometimes  bo  d*s  irable  'o  make  explicit  certain  surface 
•.  !  i  i  !i  arc  not  measured  directly  either  in  the  present  system,  or  in 
so  nt! its.  The  degree  of  dissection  of  a  surface  into  summits  nay  be 
ur«d  giver,  a  definition  of  summit  magnitude  as  "the  smallest  vertical 
r.t  r.e  •ssarv  to  climb  a  suci-it,  starting  from,  adjacent  higher  ground",  i.e. 
o  height  of  a  5uir.it  above  the  lowest  pass  on  the  highest  ridge  connecting 
u  hi.-i.er  ground'  (Evans,  1974  p.T94).  The  intensity  of  summits  may  be  expressed 
: <  l.itirg  the  integral  of  magnitude  times  frequency  either  to  area,  or  to  length 
.meeting  ridge.  The  greater  the  intensity,  the  greater  the  dispersion  of 
r.  cenvexit;  ,  in  the  unlikely  event  of  other  things  being  equal.  This  attribute 
iff ic  It  t>  automate  because  it  relates  to  broad  spatial  position,  but 

•  should  eventually  be  possible  for  this  and  for  all  the  other  attributes 
ussed . 
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Chapter  Seven 


FURTHER  PROPOSALS 

(  a  lmpr jve~.er.ts  in  output 

The  tors  in  which  output  is  produced  is,  of  all  the  attributes  of  the  integrated 
system  described  in  chapters  *  and  3,  that  which  is  most  specific  to  the  computing 
environment.  It  .s  always  possible  to  hope  for  more  expensive,  higher-resolution,  more 
tlexible  or  more  purpose-oriented  output  devi.es,  yet  there  is  a  challenge  in  tailoring 
a  system,  to  produce  acceptable  results  on  available  or  comm.cn  hardware. 

Improved  versions  of  all  graphs  and  maps  presented  here  couic  be  produced  on  high- 
quality  t lathed  plotters  (especially  these  with  light-head  projectors.on  electrostatic 
printer  plotters  or  on  laser-beam  plotters  One  o:  the  latter  has  now  been  purchased 
by  the  Geography  Department,  and  when  installed  it  will  facilitate  production  of  improved 
shaced  maps  Experience  of  this  plotter  has  beer,  gained  in  a  different  research  project 
(Clarke,  Devdney,  Evans,  Rhind,  Visval ingam.  and  Denham,  1S'9;  using  it  on  a  bureau 
basis.  Better  shaded  maps  ..ould  be  produced  now  on  the  drum  plotter,  but  this  would 
oe  very  slew  beca-.se  or  the  thousands  of  grid  squares  to  be  shaded. 

It  would  not  be  unduly  difficult  to  produe  separations,  for  superimposed  printing 
in  different  colours.  These  -ould  be  produced  on  a  line  printer  or  a  graph  plotter,  or 
preterab.v  n  a  .ase:  plotter  However,  the  extra  time  and  expense  involved  makes  colour 
maps  mere  suitable  for  long  print  runs  for  publication  of  final  results,  rather  than 
exploration  of  new  „ata  sets.  Two-colour  maps  would  be  especially  useful  in  contrasting 
convexity  and  concavity;  the  class  limits  on  such  maps  would  differ  from  those  used 
here,  except  that  cere  convexity  would  remain  the  balancing  point.  Two  colours  would 
also  permit  super impes i tior.  of,  for  examp. e,  drainage  lines  to  provide  a  base  map. 
Alternatively,  two  monochrome  maps  m  two  different  .oicurs  could  be  superimposed  to 
provide  a  bivariate  map.  This  is  a  field  which  presents  challenges  to  the  map  designer; 
bivariate  and  especial i\  multivariate  statistical  naps  tend  to  be  excessively  complex, 
.coking  pleasant  but  ccmr.unicating  little  Simp  1 1 f ; cat  1  on  of  such  maps  may  be  achieved 
by  selecting  certain  limited  classes  of  each  variable,  eg  slopes  over  10°  might  be 
mapped  together  with  extreme  positive  or  negative  profile  and  plan  convexities,  giving 
a  map  with  2  x  3  x  3  *  18  possib.e  combined  classes. 
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Improvement. s  can  also  be  achieved  with  Che  existing  equipment  by  writing  additional 
special-purpose  programs  to  replace  use  of  the  general-purpose  package  programs  The 
most  obvious  changes  are  those  which  are  desirable  for  handling  the  large  data  bets 
^thousands  or  tens  of  thousands  of  values)  provided  by  altitude  matrices.  First, 
the  scatter  plots  could  be  shaded  for  the  density  of  points  (per  printer  position), 
instead  of  using  digits.  The  shading,  if  still  produced  on  the  line  printer,  could  be 
on  the  same  basis  as  that  for  the  maps  :  six  classes  of  darkness  could  represent  1,  2-3, 
»~b,  7-10,  11-15  and  over  15  points  per  printer  position.  This  would  certainly  create 
an  improved  visual  effect,  and  the  classification  error  is  unlikely  to  be  greater  chan 
that  that  incurred  by  grouping  all  positions  with  9  and  more  values,  as  in  the  S.i'.S.b. 
package  picgram.  If  a  graph  plotter  were  used,  there  could  be  mere  classes,  and  a 
regression  line  (or  R.M.A.,  see  below)  could  be  plotted. 

Se^or.u,  a  minor  improvement  could  be  made  to  the  histograms  by  applying  ■»  similar 
shading  scheme.  This  affects  only  the  last  symbol,  which  at  present  can  represent  any 


number  of  velues  from  one  to  the  ’number  of  veiuee  per  symbol*  given  by  the  automatic 
seeling  procedure.  Although  this  refinement  aey  seem  unimportent,  it  would  give  much 


better  por travel  of  the  teils  of  distributions.  More  importent  (if  e  new  program,  were 


written)  is  the  inclusion  of  cumuleted  percent  velues  for  eech  cless  limit,  from  which 
percentiles  and  related  statistics  could  be  computed.  Ideally,  histogram  programs 
should  give  class  midpoints,  class  counts,  and  cumuleted  percent  of  total  count,  given 


v  ’b)  Scat  i  st  i ~al  improvements 


The  lease  satisfactory  aspects  cf  this  integrated  system  are  the  moment  statistics 
tot  convexity,  especially  in  plan,  and  values  of  kurtosis  tor  all  skewed  distributions. 

It  might  also  be  argued  tnat  regression  is  inappropriate  for  some  of  the  relationships: 
but  Che  only  one  where  it  is  net  possible  to  distinguish  a  controlling  and  a  dependent 
variable  is  the  relationship  between  profile  and  p.an  convexity.  For  this,  a  reduced 
major  axis  (R.M.A)  would  be  more  appropriate  Aspect  is  necessarily  treated  as  the 
controlling  variable  in  periodic  regressions,  ind  for  other  variables,  the  hierarchy 
of  Ueper.cer.cV  following  the  order  cl  derivation;  proposed  in  section  (3e)  may  be  used. 

Calculated  values  of  proliie  and  p.an  convexity  are  meaninglul  insofar  as  the 
maps  of  these  variables  ate  c.ear  ana  interpretable.  However,  the  long  tails  of  extreme 
values  at  both  ends  of  these  frequency  distributions  have  excessive  influence  on  moment 
statistics  especially  of  p*.an  convexity  These  tails  are  sc  pronounced  that  they  weaken 
the  deience  ot  moment  statistics  offered  in  section  (3e;.  Two  possible  solutions  are 
the  use  ot  per  cant  1 1 e-based  statistics  instead,  or  the  transformation  of  convexity  values 
m  such  a  way  that  the  tails  are  brought  in  toward  the  centre. 

It  would  be  ir.eiegant  to  use  only  per  cent  1 1 e-based  statistics  for  both  convexities, 
while  using  only  moment  based  statistics  tor  altitude  and  gradient.  Yet  mean,  standard 
deviation  and  skewness  serve  very  well  for  the  two  latter  properties.  A  compromise 
might  be  to  calculate  median,  mter-quar ti le  range,  several  other  ranges  (e.g.  95  to  5 
percentiles)  and  relatec  skewness  and  kurtosis  measures,  together  with  the  moment-based 
statistics  for  all  four  properties  concerned  -  altitude,  gradient,  profile  convexity 
and  plan  convexity.  This  does  however  place  greater  onus  on  the  interpreter  as  to  the 
emphasis  to  be  placed  on  each  part  of  eitner  version. 

Tr ansi ormat ion  of  convexity  would  have  to  symmetrical  about  zero  ;  obviously  none 
cf  the  skewness-reducing  transl crmations  would  be  relevant.  Where  x  is  convexity  as 
iefined  here,  r>  ar^tan  kx)  would  change  the  range  of  convexities  to  -1  to  *1, 
instead  cl  -infinity  to  ♦  infinity,  thus  making  convexity  more  manageable  in  terms  of 
both  grapnics  and  moment  statistics.  The  constant,  k,  controls  the  severity  of  the 
transformation,  the  smaller  k,  the  less  the  change  in  shape  since  the  relation  between 
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tangent  and  angle  is  near-linear  at  low  angles.  Either  a  'reasonable'  value  of  k  could 
be  held  constant  over  a  set  of  matrices,  or  k  could  be  calibrated  to  give  zero  kurtosis 
in  each  frequency  distribution.  In  the  latter  case,  k  would  replace  kurtosis  as  a 
descriptive  statistic  model  parameter.  The  consequences  should  be  investigated. 

Kurtosis  would  also  be  affected  by  a  further  alteration,  to  remove  its  dependence 
on  skewness.  This  dependence  is  a  major  drawback,  since  it  prevents  kurtosis  from 
being  an  independent  descriptor  of  distribution  shape.  Skewed  distributions,  positive 
or  negative,  have  one  tail  which  is  long  in  relation  to  the  standard  deviation  of  the 
distribution;  hence  they  tend  to  have  positive  kurtosis.  It  would  be  useful  to  measure 
n-itcsis  after  skewness  had  been  removed  :  it  could  then  be  interpreted  as  symmetrical 
deviation  in  the  length  of  tails  compared  with  the  breadth  of  the  peak. 

This  might  be  done  by  applying  a  simple  svnmetr ising  transformation  such  as 

- - -  (Box  and  Cox,  1964),  where  ■  is  calibrated  to  provide  zero  skewness.  Kurtosis 

X 

would  then  be  measured  for  the  unskewed  distribution.  X  would  be  highly  correlated  with 
skewness,  and  thus  would  not  itself  be  used  as  a  descriptive  statistic.  Existing 
programs  (Dunlop  and  Duffy,  19'*)  perform  this  transformation  for  small  data  sets;  they 
would  require  modification  to  deal  with  sets  of  the  present  size,  probably  by  grouping 
all  but  the  extreme  observations. 
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1'c)  Cotrnar a t i ve  studies  at  finer  grid  nieshes 

The  grid  noshes  of  ratrices  analysed  here  are  essentially  Zlra  or  lOOr: 
the  '.oJr  Co'd  Creek  r.atrix  is  too  snail  to  perrit  thorough  investigation.  Coarser 
reshes  have  been  studied  by  'thinning  out'  these  data  sets,  but  studies  at  finer 
r.eshes  require  data  at  higher  spatial  resolution.  These  are  not.-  becoring  available; 
the  Gestalt  corpany  of  Vancouver ,  B.C.  have  produced  .  'hr  -  resh  data  fror  an 
analytical  stereo-plotter.  Other  high-resolution  data  sets  have  been  produced 
especially  for  various  projects. 

Analysis  of  such  data  is  not  required  in  order  to  validate  the  present  svsiir. 
the  existing  results  are  sufficient.  Fxters  o-  t  -  these  •  -  •  r, 

strengthen  generalisations  about  scale  variations  in  gra  : or t  and  convey  t\ .  '  in 

and  standard  deviation  of  gradient,  and  the  standard  deviations  c:  rr  *:1«  •  , 

plan  convexity,  increase  over  the  range  of  resolution  ?'■  -  t-  .’’’r.  "he  c’  ang<  is 
apparently  steady  and  continuous,  though  curvilinear.  It  ’could  be  interesting  t> 
see  whether  these  changes  continue  dovn  to  I'r.,  where  we  are  approaching  the 
resolution  of  field  r.oasurenents .  Continuity  is  expected,  since  Gerrard  and  Robinson 
1^71)  observed  a  corparnble  scale  effect  in  varying  the  raeasured  length  for 
gradient  in  the  field.  Fuch  an  extension  could  also  ''e  used  to  test  the  robustness 
f  the  fractal  rodel.  Fror  the  point  cf  view  of  geor.orrhol  ogy ,  this  extension  to 
rilpe  the  cap  ve tweer.  field-vase!  and  rap  -based  reasurerents  is  of  high  priority. 
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(7d)  Spec  true  of  variation  of  terrain  properties  in  T.S.A. 

If  ir  is  accepted  that  the  properties  defined  above  cover  the  essential 
attributes  of  land  surface  forr,  then  it  is  clearly  desirable  to  establish  what 
values  of  these  properties  are  likelv  to  be  encountered.  This  means  establishing 
both  mean  or  tr.edian  values  and  measures  of  variability,  end  it  requires  either  complete 
coverage  or  sampling  on  a  prolabilitv  basis.  hack  of  data  prevents  sampling  of  the 
whole  world  ir.  this  wav,  but  it  has  recent lv  become  possible  to  obtain  data  for 
anywhere  within  a  large  and  interesting  subset  of  the  world,  namely  for  the  conterminous 
Ini  ted  States  of  America  (4P  states).  These  data  were  produced  by  the  Defence  Mapping 
Agency  Topographic  Center  f DMAIC) ,  and  are  being  distributed  by  the  National 
.irtographic  Information  Center  of  the  I'.S.  Geological  Survey  (N.C.I.C.,  197P). 

The  data  were  generated  by  digitising  contours  from  stable-base  prints  of 
I  .  0,000  scale  raps,  which  have  a  100-foot  contour  interval.  Altitudes  were 
interpolated  in  relation  to  distance  to  contours  in  four  principal  (axial )  directions  and  to 
iigitisrd  spot  height,  stream  and  ridge  line  data;  this  was  done  for  points  on  a  square 
grid  with  ."1  inch  mesh  on  the  map,  that  is  A). 5  m  on  the  ground.  The  results  were 
stored  in  units  cf  <  r.e  degree  longitude  times  one  degree  latitude,  of  which  there  are 
approximately  l)15;  each  occupies  one  eighth  of  a  magnet  tape,  bach  unit  is  a  matrix 
f  approximately  175T  x  115'  to  lAOOt  points,  depending,  on  latitude  and  longitude  (These 
estimates  an  n<  t  given  in  the  official  documentation,  hut  are  calculated  here). 

To  process  the  -atrices  ir  their  original  form  is  not  feasible  with  the  pr< sent 
svster.  and  computer  resources;  map  output  would  he  curher some  whatever  device  were 
■.sc'.  Ion  vi r,  it  would  probably  not  be  desirable  to  analyse  the  complete  dataset, 
since  t1'  results  f<r  convexity  would  reflect  the  i nt erpo la t i on  procedure  used  by  D’tATC. 

The  grid  res'-  -is  de-  se  relative  to  the  contour  spacing;  this  form  of  storage  has  a  high 
degrtr  of  redundancy  relative  to  its  data  content,  and  to  describe  the  matrix  as  of 
»  1.  m  mesh,  is  to  give  a  mi  s  lead  i  r.gl  v  high  impression  of  its  precisior.  Thinned  versions 
may  thus  he  norr  interesting  to  analyse.  Taking  every  eighth  point  for  a  one-degree 
area  would  yield  n  manageablr  matrix  with  a  mesh  of  508m.  Alternatively,  a  natrix 
nf  the  same  «i.-e  could  be  generated  by  taking  every  fourth  point  for  an  area  one-half 
•ires  om-half  degree,  yielding  a  254  m  mesh.  both  possibilities  should  he  invest i gated , 
together  with  the  behaviour  of  these  data  when  rushed  to  their  A7. 5  m  -  mesh  limit. 

For  thinned  matrices,  four  replicates  could  he  analysed,  to  assess  the  stability  of  results. 


114 


I'.ven  so,  complete  coverage  ol  the  conterminous  U.S.A.  would  be  extremely  expensive: 
the  main  cost  would  be  in  computer  processing  time.  Sampling  about  50  areas  would 
suffice  to  establish  the  range  of  results:  this  represents  approximately  5T  coverage  if 
ore-degree  areas  are  used,  or  ljt  for  half-degree  areas.  The  sampling  pattern  should 
not  be  completely  random,  since  for  a  sample  of  this  size  coverage  would  then  be 
uneven  and  major  topographic  regions  might  pass  unsampled.  The  main  alternatives  are: 

1 : )  systematic  sampling,  on  a  grid  which  is  'square'  in  terms  of  latitude  and  longitude: 
excluding  a  hexagonal  grid  as  impractical  given  the  square-gridded  nature  of  the 
data,  this  gives  the  most  ever,  coverage  which  can  he  achieved; 

:  i  )_1  cv  a  t  ioral  Iv  stratified  random  sampling,  whereby  one  area  is  drawr  at  randor  within 
each  four-degree  quadrangle,  and  those  falling  in  the  sea  are  ignored; 
i  i  i  )  s  t  rat  i  f  i  ed  random  sampling  ir.  relation  to  a  sampling  frame  such  as  Hammond  '  s  ( 1  9A4) 
landforn  regions;  areas  are  drawn  at  random  until  a  quota  related  tc  the  area  of 
each  region  is  filled. 

Of  these,  (ii)  gains  randomness  at  the  expense  of  increasing  the  possibility  that 
import. »  C  landfcrr  regions  go  unsampled.  (i)  is  preferred,  the  grid  incidence  being 
selected  at  random;  but  further  investigation  should  precede  the  final  decision. 

There  is  bound  to  be  a  problem,  with  edge  effects,  at  the  coast  and  at  land 
frontiers,  which  affect  l**1  of  the  Q15  one-degree  quadrangles.  If  such  areas  were 
excluded,  the  sample  would  be  biased  against  the  peripheral  areas.  If  they  were  included 
as  drawn,  the  highly  variable  areas  covered  would  rake  statistics  difficult  to  compare 
with  other  matrices.  If,  however,  peripheral  samples  were  displaced  just  sufficiently 
to  equal  ether  matrices  i  r.  land  area,  the  d '  sp  1  acement  would  produce  bias  ir  f  avour 
f  peripheral  areas.  It  is  suggested  that  a  decision  between  the  latter  procedure  and 
t  tal  exclusion  be  made  separately  for  each  area  by  drawing  random  numbers,  with  the 
probability  of  inclusion  proportional  to  the  land  area  covered,  in  the  sample  area  as 
initially  drawn.  Hence  the  sample  may  be  treated  as  representative  of  the  contemi r.ous 
T'.S. A.  This  removal  of  bias  is  important  because  coastal  areas  are  known  tc  differ  in 
topography  from  inland  areas. 

The  result  would  be  to  establish  how  frequency  distributions  of  altitude,  gradient, 

ispect  and  both  convexities,  and  relationships  between  them,  vary  over  the  l.T.A.  To 

existing  results  permit  statements  about  the  expected  range  of  variation  in  these 

properties,  vet  this  information  provides  an  important  background  for  many  types 
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p. arming  ar.u  o:  legislation.  At  present  much  environmental  planning  and  law  is 

tr.o.it.  'in  the  ;  because  environmental  iniormation  is  inadequate,  the  results 

ar.u  even  trie  spatial  incidence  of  such  decisions  are  unpredictable.  it  is  eepe.ially 

important  tor  ledeial  legislation  and  national  military  planning  to  anticipate  the 

:  ar.ge  o:  variation  or  envirunaenta.  conditions. 

Sampling  the  U . S  A.  would  permit  lull  investigation  oi  between-area  relationships 

:  - :  summary  statistics  chapter  :  since  this  requires  a  reasonable  number  oi  areas 

:a  a  generated  in  the  same  way,  only  the  DMA  Tv  digital  terrain  tapes  provide 

».  ar.  opportunity.  This  would  permit  study  by  principal  components  analysis  ar.o 

•u  .  1 10 1:-  er.s ;  ;na .  s_u.mg  o:  tr.e  dimensionality  o:  terrain  properties,  insular  «s 

tr.cse  -«re  overeo  by  the  present  system  ot  analysis.  The  main  limitation  on  the 

.s  the  ooarseneae  of  the  1,250,000  contours,  but  thaaa  data  are  the  baai 

avai.ab.e  rot  s.  h  a:,  extensive  area. 

Finally,  the  DMA Tv  data  provide  the  possibility  oi  analysing  terrain  cat., 

tr.e  wr.o.e  V.S.A  in  order  to  provide  a  regional  i  sat  ion  oi  landforas.  This  would  be 

mparab.i  to  that  oi  Hammond  19b-  ,  but  based  on  a  broader  range  oi  terrain 

properties  ar.u  much  r..rc  intensive  measurement.  Hammond  took  -  classes  of  grauier.t 

c 

proportion  :  area  gentler  than  -  •  j,  6  classes  or  range  in  alr.tude  per  1 ..  x  ..  r.m 

o 

sq_an  ,  ar.d  -  ..asses  or  pro!  ile  character  proportion  of  the  lar.c  gentler  than  ••  < 
-h.-h  is  below  the  mid-range  of  altitude  He  found  that  half  of  the  96  possible 
.  .mb  mat .  on*  were  founo  over  significant  areas  of  the  I'.S.A. 

Ir.e  .ost  ::  applying  the  whole  of  the  present  terrain  analysis  system  to  the  who! 
onte: mir.ous  .S  A.,  however,  would  be  great,  and  consideration  of  such  a  project  is 
ce9t  poetp.r.ed  until  interrelationships  and  the  spectrum  or  variability  are  evaluated 
by  samp. mg.  and  the  quality  of  the  TMATC  data  is  assessed.  It  might  be  that  various 
shortcut*  could  be  achieved  by  selecting  a  limited  number  of  critical  properties, 
while  still  making  many  moie  measurements  than  could  Hammond  in  his  manual  study. 


(7e)  Of  f  e r  to  process 

Meantime,  it  will  be  useful  to  accumulate  further  evidence  on  the  variation  of 
these  properties,  even  on  a  piecemeal  basis.  This  should  be  done  for  altitude 
matrices  generated  in  as  many  different  ways  as  feasible,  and  with  as  many  different 
meshes.  Therefore,  I  propose  to  invite  scientists  to  send  me  suitable  matrices. 
Single  matrices  or  small  sets  would  be  processed  on  condition  that  the  results  could 
be  tabulated  along  with  others  processed  here,  in  addition  to  their  use  by  the 
originators.  Because  of  this  need  to  build  up  experience  in  their  interpretation, 

:t  is  preferred  that  as  much  of  this  work  as  possible  should  be  done  at  Durham,  which 
also  avoids  the  problems  of  software  tr  ai.s  f  ercnce  . 

Suitable  data  sets  should  consist  of  at  least  50  x  50  altitudes  on  an 
approximately)  square  grid.  Small  matrices  nay  be  acceptable  if  included  within 
a  set  of  matrices  generated  in  comparable  fashion.  Those  interested  should  contact 
the  Principal  Investigator. 
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Chapter  Fight 


CONCLUSIONS 

In  cenclusiit.,  let  us  first  return  to  the  fundamental  and  controversial 
question  :  how  many  descriptors  are  required,  to  encapsulate  the  variability 
o'  natural  terrains?  I  would  like  to  provide  a  definitive  answer  to  this 
question  from  a  bread  nr.d  representative  suite  of  analyses  of  different 
regions  :  given  the  inadequacy  of  available  data  (section  3f),  however,  a 
discursive  and  deductive  approach  is  all  that  can  be  offered  at  present. 

.\n  initial  hypothesis  is  that  more  irregular  surfaces  require  more 
Yscri:':rs.  There  are  random  process  models  which  generate  quite  irregular 
-urfa  is  f  r.  r  two  or  th-ee  parameters,  yet  the  limitations  discussed  ir.  chapter 
mi  imply  that  these  models  can  only  he  very  gross  approxine ' i ons  to  natural 
terrain  and,  indeed,  they  ir.av  omit  important  aspects  such  as  nor.-s  tat  ior.ari  ty , 
asymmetry,  and  the  possibility  of  integrated  drainage  systems.  We  might  propose 
i  corollary  of  ’Murphy's  !.av';  over  a  broad  range  of  earth  surface  topographies, 
hat  can  vary,  will... 

Obviously  we  must  start  by  mentioning  the  concept  that  one  number  will  suffice 
to  summarise  surface  roughness.  This  may  be  so  for  a  very  specific  purpose, 

:  :t  i  different  number  is  likely  to  be  required  for  each  purpose .  To  assume 
peril-  r  correlation  between  all  measurable  properties,  over  ever,  a  limited 
•  mat",  e :  surfais,  is  »o  optimistic  as  to  qualify  for  the  description  'philosopher's 
store  svndrome '  'vans,  IQI’2),  or  'magic  number  syndrome'. 

Ingineers  studying  the  microtopogr aphy  of  artificial  surfaces  have  often 
used  a  single  parameter  (rr.s  cr  cla)  measuring  relief  (variability  in  height), 

-.it  :  :s  is  useful  only  with in  a  family  of  surfaces  produced  by  a  single  process. 

.it:  i:  .ich  a  f  am  i  1  y  ,  nwuy  other  e  lcaaent  s  of  surface  form  remain  constant  (section 
'a,  and  Posey,  l°-'.f).  Vore  recently,  relief  has  been  supplemented  by  autocorre  1  at  ion 
distance,  and  IT.  i t chouse  and  Phillips  (lq78)  now  propose  a  pair  of  descriptors 
for  the  nut ocorre  1  at i or.  function;  together  with  relief,  these  form  a  trio. 


The  use  of  two  r  three  descriptors  r.ay  be  of  value  for  theorising,  but 
a  more  realistic  approach  was  proposed  nany  years  ago  by  Posey  (1^46).  I  have 
recently  found  that  he  proposed  a  synthesis  comparable  to  nine,  except  ir  being 
related  to  profiles  instead  of  surfaces.  He  proposed  that  the  frequency 
distributions  of  profile  height  and  its  first  two  derivatives,  (apparent)  slope 
and  (apparent)  curvature  '  characterize  the  roughness  of  a  profile  quite  completely", 
whether  it  be  regular  or  not,  so  long  as  there  are  no  overhangs.  His  useful 
illustrations  shew  profiles  whose  distributions  vary  in  skewness  and  kurtosis, 
implying  that  quite  a  number  of  descriptors  would  be  required  even  for  profiles. 

"vers  (1^62)  found  autocorrelation  inadequate  and  power  spectra  unnecessarily 
complex;  he  followed  up  Posey's  ideas  by  proposing  use  of  standard  deviations 
r  (1)  height  (2)  algebraic  slope  and  (3)  apparent  curvature,  plus  (4)  a  measure 
:  protile  asymmetry.  (Ft  found  that  (2)  correlated  best  with  friction  between 
u r'  aces)  . 

Taking  a  deductive  approach,  we  may  start  with  a  two-parameter  sawtooth 
rodel  profile,  widely  used  in  the  engineering  literature  (Fig. 43),  The  horizontal 
dimension  (wavelength)  and  the  vertical  dimension  (arpliturir)  can  in  theory  be 
••tried  independently;  high-ampl  itude  shortwave  forms  seer,  unlikely  ir.  nature, 
i.t  ire  fe-und  in  pinnacle  karst  such  as  that  of  Gunong  >!ulu,  Borneo.  I'ndcr  this 
•igid  mode  1 ,  and  under  a  comparable  sine  wave  model,  the  average  absolute  slope  is 
•xactly  predictable  from  the  tvo  parameters,  wavelength  and  amplitude;  when  these 
are  plotted  against  each  other,  lines  of  equal  average  slope  radiate  from  the 
c  rigir.. 

Although  ir.  engineering  applications  the  average  height  of  a  profile  is 

sually  arbitrary  and  is  set  to  zero,  in  geonorphologv  absolute  altitude  above 

sea  level  is  important,  giving  a  third  independent  descriptor.  Further  dimensions 

of  variability  are  easily  envisaged  (Fig. 44).  For  constant  nr.pl i tude  and  wavelength, 

a  greater  proportion  of  the  profile  can  be  concentrated  either  at  high  cr  at  lev 

eights  :  this  fourth  property  (rassi venessl  is  measured  by  the  skewness  of  height. 

Fifthly,  the  homogeneity  of  heights  can  he  varied  :  of  rxirh  of  the  profile  is 

near  the  maxim, urn.  and  minimum  heights,  kurtosis  is  negative;  while  if  most  is  near- 
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average  ,  with  occasional  spikes  and  pits,  kurtosis  is  positive  (Fig. 44b). 

the  'waveforms'  considered  above  "ay,  while  retaining  all  their  other 
properties,  be  more  or  less  asyrar.etric  :  the  right-facing  slopes  of  a  profile 
ray  differ  f ror.  the  left-facing  (Fig. 44c).  Hence  we  have  a  six-parameter 
rode'.  •  .  r  profiles  of  simple,  repeating  waveforms  :  five  parame  ters  for  fern,  and 
ne  to-  vertical  -osition.  Yet  instead  of  every  hill  and  every  valley  being  an 
tder.ti  a',  repetition  of  its  neighbours,  they  ray  vary  in  amplitude,  wavelength, 
r.ai  livc-i-ss,  hirv'gereif  and  asvmret  ry .  This  right  double  the  number  of  parameters 
requir  e  :  whether  tb.«  resulting  twelve  profile  parameters  are  increased  by 

.  . e >  interactions  ir  decreased  by  intercorrelation  (redundancy)  has  yet  to  be 
‘e:  »  !.  s  t  rat  ed  . 

I'roceeding  fror  profiles  to  surfaces,  the  sane  nuntber  of  parameters  will 
suffice  only  tor  isotropic  surfaces.  (Nayak  (1971,  1^73)  has  shown,  however,  that 
thi  parameters  of  an  isotropic  surface  differ  fror  those  calculated  for  random 
profiles  across  it  .  It,  for  a  non-isot ropic  surface,  profiles  in  two  perpendicular 
:i rectiecs  could  vary  independently,  the  number  of  parameters  required  would  double  : 
such  independence, however ,  seems  inherently  unlikely.  At  the  very  least,  extra 
properties  such  as  degree  and  orientation,  of  1 i neat  ion , and  direction  of  asymmetry, 
ar»  p<  le.  Fven  for  C.aussiar.  surfaces,  Navak  ( 1 0 7 1 )  stated  that  disregarding 
position,  three  i:\ariant  parameters  are  required  for  isotropic  surfaces,  cr  seven 
for  non- i sot ropi c . 

For  real,  non-  aussian,  r.on-isotropic,  irregular  surfaces  it  is  net  unrcasonabl e , 

then,  to  start  with  four  descriptors  for  each  derivative,  and  ten  for  their 

interrelations,  making  thirty  in  all.  (Of  these,  ve  have  oritted  measures  of 

kevnoss  and  kurtosis  of  aspect  ir.  the  present  program  suite).  There  is  surely 

some  re  e.r.darcy  among  these;  for  example,  slowness  of  gradient  should  relate  to 

t!i  modulus  cf  skewness  of  altitude.  There  are  unlikely  to  be  between-area 

orrel.it  ions  of  .0f5  :  rather,  one  descriptor  may  be  predictable  from  a  group  of 

ethers.  1'r.til  this  redundancy  is  clearly  demons  t  rated ,  the  full  range  of  descriptors 

should,  he  retained.  It  cannot  be  proved  that  all  are  required,  but  this  should 

assured,  until  there  is  strong  evidence  that  some  are  not  required.  V.’itb.in  certain 
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types  of  terrain,  some  may  be  irrelevant;  as  we  have  found,  many  within-area 
correlations  are  near-zero. 

Taken  together,  these  descriptors  cover  most  surface  properties.  There  is 
r.o  explicit  measure  of  wavelength,  but  this  is  implicit  (other  descriptors  being 
quail  in  mean  gradient  and  standard  deviation  of  altitude.  Likewise,  perhaps 
summit  intensity  car.  be  predicted  from  a  group  of  these  descriptors.  I  maintain, 
however,  that  redundancies  and  intercorrelations  are  unlikely  to  be  so  strong 
that  actcr  analysis  will  establish  'fundamental  dimensions  of  variability'. 

Vactor  analysis  is  more  likely  to  obfuscate  and  confuse  by  making  arbitrary 
oc.binations  based  on  moderate  corre  1  a' ions  . 

Lngineers  given  the  ta.k  of  quantifying  land  surface  form  are  naturally 
inclined  to  use  spectral  analysis,  which  has  proved  useful  elsewhere  in  analyzing 
Irregular  profiles.  Quite  apart  from  practical  difficulties  such  as  the  need  for 
very  long  profiles  ir.  each  direction,  this  technique  is  proving  unsuitable  for 
the  complexities  cf  natural  terrain,  especially  with  the  general  dominance  of 
longwave  variability.  Even  for  engineered  surfaces,  dissatisfaction  with  spectral 
analysis  has  been  expressed  of  late  (Thomas  and  Savles,  1978);  natural  surfaces 
are  more  complex  because  they  are  subject  to  a  broader  range  of  interacting 
proces  ses . 

The  advantages  of  the  present  approach  lie  in  its  simplicity,  directness 
ar.d  conceptual  economy.  It  starts  from  the  properties  of  points  on  the  surface, 
c.d  shows  how  (excluding  position)  the  properties  cf  geomorphologi c  and  human 
interest  may  be  measured  by  derivatives  of  the  surface.  Without  defining  any 
elaborate  indices  or  using  indirect  analyses  such  as  variance  spectra,  areas  may 
'•e  charac ter i zed  by  moments  of  the  frequency  distributions  of  ’point’  values, 
and  by  correlations  between  'point'  properties.  In  this  way,  the  summarisation  of 
areas  has  been  coordinated  with  the  mapping  and  interrelationship  of  the  'point' 
propert ies . 
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!;<.-r.ce  it  is  maintained  that  the  aims  cf  this  project  have  essentially  been 


rulfilled,  and  an  attempt  has  been  made  to  place  the  proposed  techniques  in  a 
broader  conceptual  context.  An  integrated  system  which  provides  both  graphical 
displays  ard  numerical  summaries  has  been  developed.  Fror  a  single  data  input  - 
the  altitude  matrix,  with  rapidly  improving  availability  -  maps,  histograms 
ar.  :  ir.terrelat  ionsh.ips  are  portrayed  for  the  ’point’  values  altitude,  gradient, 
aspect,  profile  convexity  and  plan  convexity.  Numerical  suirraries  include  moments 
o:  frequency  distributions,  correlation  coefficients  and  selected  regressions,  and 
these  c:...racterir»  the  areas  included. 

The  rain  grid,  meshes  investigated  here  are  T^m  and  10<V.  The  latter  suffices 
r  ir.  .is  ol  glaciated  mountains  because  these  are  dominated  by  broad-scale 
<  lcT.gvavc  lar.dforrs.  3  3r.  is  desirable  wherever  possible,  and  finer  meshes  are 
interest  in  permitting  comparison  with  measurements  made  in  the  field,  commonly 
over  1.  dm  to  r>m  3lore  lengths.  The  Gold  Creek  matrix,  less  than  1km  across, 

.s  too  small  provide  descriptors  representative  of  a  broader  area.  Fach  of  the 
three  C.ic  e  matrices  is  2 . 3kn  square,  providing  areas  which  seer  inadequate  to 
.ara  ter  ice  land  surface  form  ir.  that  region;  results  vary  greatly  between  the^e 
idjacert  matrices.  The  Thvera  matrix  covers  10  x  10km,  and  its  four  quadrants  are 
.st  ibi.t  large  enough  to  provide  similar  summary  statistics  (see  section  3c). 

It  seers,  then,  t!  it  areas  of  at  least  3  x  3km  will  be  necessary  tc  encompass  nest 
:  the  land  surface  properties  of  a  regior. 

Results  are  inevitably  sensitive  te  the  grid  mesh  of  the  initial  data,  but 
•he  mom.in.t  descriptors  are  less  sensitive  (at  least  in  part)  to  the  extent  of  area 
covered  t  .ar  are  nutocorre lation  and  spectral  techniques.  Coarse,  inflexible  class 
.t.tervals  ire  avoided:  the  approach  is  fully  quantitative,  yet  quite  straightforward, 
nrovidir.g  results  which  are  directly  meaningful  to  geomorpho 1 ogy  and  to  human  activity. 
As  experience  in  the  use  of  this  comprehensive  systrr  is  built  up,  the  need  for 
:  rtler  improvements  or  simplifications  may  become  apparent;  hut  it  has  now  been 
developed  t.  the  point  vhere  it  should  be  broadly  applied. 
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and  Thvera.  The  Cache  data  were  supplied  by  Robert  P.  Macchia  and  Richard 
Clark  of  E.T.L.;  Ferro  by  Alberto  Carrara  of  I.R.P.I.;  and  Cold  Creek  by 
C  rry  Speight  of  C. S . I . R.O.,  on  punched  cards  in  each  case.  Parts  of  this 
Report  have  been  read  by  M.  Young  S  J.S.  Gill,  and  comments  by  Dr.  David 
W.  Rhind  and  Nicholas  J.  Cox  have  led  to  numerous  improvements,  but 
repons ibi 1 i ty  for  the  whole  text  and  structure  rests  with  the  Principal 
Investigator.  I  am  grateful  to  Florence  Blackett  for  typing  this  Report, 
and  to  the  Photographic  and  Printing  sections  of  the  Department  of  Geography, 
for  preparation  of  the  figures  and  for  printing. 
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1 36  Fig.  I  Five  basic  properties  of  a  point. 

L16  Fig. 2  Data  sources  and  types  of  analysis. 

1  ' 0  - 1 4 1  Figs.  3-5  Comparison  of  treasured  and  calculated  altitude,  gradient 
and  aspect. 

147-148  Figs. 6-12  Slope  r.aps  (arrow  plots  :  calibrated  classes). 

149  Fig. 13  The  STPFR  area  :  incidence  of  grid. 

150  Fig. 14  Fffect  of  weighted  smoothing  on  aspect. 

l:  1—153  Figs.  13-1'  Fffect  of  grid  mesh  ( 100, 2iXi,  irvVi)  on  gradient,  profile  and 
plan  convexity. 

1 c  .-ISP  Figs.lS-27  Histograms  for  F!  FRO  (altitude,  aspect,  gradient,  profile  and 

Man  c enve;: i  t y )  . 

1 h  1  Figs. 2  -27  "nps  for  the  upper  and  central  FTRRO  basin. 

’.c4  Fig. 28  Scatter  plot  of  altitude  v.  gradient  for  FFRRO. 

163  Fig. 29  Scatter  plot  of  profile  convexitv  v  plan  convexity  for  FFFRd  . 

Fig. 30  Scntt. r  plot  of  gradient  v.  plan  convexity  for  FFRRO. 

-1.1  Figs. 31-35  Histogrars  for  CACHF  2  (altitude,  aspect,  gradient,  profile 
ar.ri  plan  convexity). 

172-176  Figs. 16-40  Maps  for  CACHF  2. 

Fig. 41  Scatter  plot  of  plan  convexity  v.  altitude  for  CACHF  2. 

Fig. 42  Scatter  plot  of  gradient  v.  altitude  for  CAOHF  2. 

Fig. ^3  Tvo-parar.:eter  node]  profiles. 

I  PC  Fig. 44  Further  variations  in  profiles. 

181  Fig. 45  An  altitude  matrix. 

n.b.  In  the  computer  titles,  'calculated  height'  is  equivalent 
to  'altitude',  'curvature'  is  equivalent  to  'convexity'. 
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Figure  1  The  five  basic  properties  of  a  point  on  a  single-valued  continuous 
geomorphic  surface:  altitude  and  its  two  lost  important  spatial  derivatives. 


Data  sources  and  types  of  surface  form  analysis.  Arrows  indicate 
the  most  common  derivations,  although  all  combinations  are  possible. 
Double  arrows  denote  increasingly  important  routes. 
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Figure  29  Ferro;  scatter  plot  of 
profile  convexity  v.  plan  convexity 
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Figure  35  Cache  2; 
histogran  of  plan  convexity  . 
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Figure  *4  Further  variation*  in  profiles 


Figure  45  An  altitude  matrix 
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X  The  current  central  point 
A  Axial  neighbours  of  X 
D  Diagonal  "  "  " 

01,  G2  Grid  meshes  in  two  orthogonal  directions 

DAD  -  AXA  -  DAD  A  three  x  three  point  submatrix,  used 

in  fitting  the  trend  surface  to  calculate 
surface  derivatives  at  X. 


GLOSSARY 


n.b.  Only  selected  loms,  relevant  to  the  basic  there  of  this  report,  are 
included.  Terrs  used  in  relation  to  other  approaches  (chapter  six) 
are  elucidated  in  the  references  given.  *  See  I'ig.  45  . 

ALTTTTDE.  height  above  r.ean  sea  level,  measured  here  in  metres  (m)  . 

*ALYIT"TT  MATRIX.  A  series  of  altitude  values  arranged  on  a  rectangular  grid, 
forming  one  type  of  DOM.  All  matrices  discussed  in  this  report  have  a  square 
r.esh,  i.e.  horizontal  spacing  of  values  along  both  axes  is  equal. 

AT  PARENT  CRADILNT.  The  rate  of  change  of  altitude  along  an  arbitrary  profile 
which,  in  general,  is  not  a  slope  line.  This  r.av  be  important  in  comruni cat i ons 
ind  traf f i cabi 1 1 t y,  but  not  in  geonorphology . 

ASPECT.  The  horizontal  direction  of  movement  down  a  slope  line.  The  compass 
direction,  (t  asured  in  degrees)  in  which  the  plane  tangent  to  the  surface  at 
a  point  faces,  measured  outward  from,  the  surface  at  right  angles  to  the  contours. 

*  AXIAL  SLIGHBOVR:; .  The  four  points  nearest  a  given  point  in  a  matrix,  along 
the  grid  axes. 

* CENTRAL  POINT.  The  roint  for  which  derivatives  are  being  calculated,  central 
t  the  3x1  subnatrix  used. 


CONTOUR.  A  line  of  equal  altitude. 

CCTXITY  (Cl’P.VATVRF)  .  The  averaged  rate  of  change  of  apparent  gradient.  Height 
r.  '  .tivc  to  surrounding  points  or.  the  surface:  see  also  plan  c.  and  profile  c. 

COURSE  LINE.  A  series  of  valleys,  joined  across  saddles. 

*  D  IA.O-ON  AL  NE IGHRP’.’RS .  The  four  points  nearest  a  giver,  point  in  a  matrix, 

•  xc  hiding  those  along  the  grid  axes.  In  a  square  nosh  these  arc  1.414  times 
is  fi  start  as  the  axial  neighbours,  and  are  at  4c'C  to  the  grid  axes. 

DIGITISATION .  Conversion  cf  positional  irf  orr.at  ion  from,  analogue  into  digital  form 


TO*  Digital  Ground  Model  :  also  PT1',  Digital  Terrain  model).  A  cor.puter-r cadablc 
representation  of  the  ground  surface,  from  which  it  is  possible  to  estimate  the 
altitude  at  any  position.  A  DC'  is  complete  or.lv  when  accompanied  by  softva'c 
to  accomplish  this  interpolation:  this  is  simplest  f<r  a  grid  and  most  rorplex  for 
digital  cor  tours. 


ELEVATION.  A  term  sometimes  used  synonymous  1 y  with  altitude,  but  avoided  here 
because  of  ambiguity  between  this  sense  and  'the  process  r f  being  elevated, 
i.e.  uplifted'. 

FRE1TNCY  DISTRIBUTION.  A  series  cf  counts  of  the  number  of  occurrences  it  a 
series  of  adjacent  classes  of  magnitude.  These  classes  should  be  equal,  on 
the  magnitude  scale  used. 


GRADIENT.  The  rate  of  change  of  altitude  along  a  slope  line.  Expression  on  an 
angular  rather  than  a  tangent  scale  is  preferred  here. 

!!!!<"  T.  Vertical  separation  from  some  base  level,  e.g.  a  river,  slope  base  or 
(s-mrMrrs)  sea  level,  or  frnn  the  base  of  the  object  in  question. 


klSTOCF.AI'.  The  graphic  expression  of  a  frequency  distribution  by  a  series 
of  parallel  bars,  with  a  common  baseline.  Each  bar  is  proper  t  ior.al  in 
area  to  the  corresponding  class  count.  If  the  classes  and  therefore  the 
bars  are  equal  ir  width,  the  height  of  each  bar  is  proportional  to  the 
corresponding  class  count . 

Kl'RTOSIR.  Crude  kurtosis  is  the  fouith  moment  about  the  rear  of  a  frequency 
distribution,  standardise:  by  the  fourth  novo r  of  standard  deviation  to  give 
a  dir.ens i cnles s  positive  nunher.  Three  is  subtracted  to  give  kurtosis, 
which  is  .-pro  for  a  Gaussian  (normal)  di  s  tr  ibut  i  on .  This  measures  the 
degrt  .  of  cor.cer.tr  at  ion  around  the  wan,  i.e.  the  extent»fthc  tails  (extreme 
values)  relative  to  the  central  part  of  a  frequency  distribution  :  high 
values  indicate,  long  tails,  usually  accompanied  by*sharp  peal.,  and  negative 
values  indicate  tails  shorter  or  thinner  than  those  of  a  Caussian  distrilution 
with  the  sare  standard  deviation.  A  triangular  d  i  s  t  r  ibut  i  or. ,  despite  its 
•harp  peak,  has  negative  kurtosis  because  f  it  s  lack  of  extreme  values. 

*(CRID)  .VTSH.  The  horizontal  distance  to  nr.  axial  neighbour  in  ar.  altitude 
rat  r  i  x. 

It:  '10' TNT .  7  hr  mean  value  cf  kth  powers  of  values,  usually  deviations  fror 

the  -.ear.  of  a  frequency  distribution. 

ORIENTATION.  The  compass  aligr.rent  o!  lineation,  e.g.  north,  -vest-southeast 
(which  is  identical  to  southeas t-northwest ) . 

FAU  .  The  highest  point  cr.  a  course  line  joining  two  pits,  a  singular  point 
when  a  contour  sel  f-ir.tersects  . 

TASS.  The  lowest  point  or  a  ridge  joining  two  summits,  a  singular  point  where 
a  contour  self-intersects. 

:!T.  A  lccal  minimum,  below  all  immediately  surrounding  altitudes, 
i.e.  surrounded  by  a  higher  closid  contour  . 

ITATN.  An  area  of  eoual  altitur  and  zero  gradient,  more  extensive  than  a 
single  data  point. 

PI  A.'.  C  N'TXITV.  The  rate  of  charge  of  aspect  along  a  contour,  in  degrees 
per  l(Vm;  negative  for  concavities. 


PROF  I!. F  GONVT  XT7Y.  The  rate  of  change  of  gradient  along  a  slope  line,  in 
degrees  p<  r  ’.  '  regative  fer  concavities. 

uVAPRATIU.  A  power  s<-ri«s  polynomial  of  serrnd  order,  i.e.  with  a  squared  term. 


PFS0LV7  lO’’ .  Precision  to  which  measurement  is  attempted,  e.g.  nearest  degree 
r  fifth-degree.  Tr  c  PC?',  vertical  resolution  is  the  smallest  recordable 
altitude  difference,  and  horizontal  resolution  is  the  grid  mesh. 


RTLATIPT'SH IP  (between  variables).  Any  connection  or  covariation  which  affects 
the  prediction  of  one  variable  from  another,  either  in  its  expected  value 
e.g.  gradient  first  increases  with  altitude,  then  dec  1  i  nos)  or  ir.  its  conditional 
frequency  distrivutior.  (e.g.  profile  convexity  is  less  extreme  cn  high  gradients). 


FIPGT  .  A  I  ir  *  ar  lecture  which  is  a  local  maxirur  ‘n  or.  Mrectior.,  but  not  iti 
anoth*  r . 


SA0I  Any  pat  r  pale ,  • 

ridge  in«J  ai  '  " 


singular  point  which  is  -  nimum  ir.  ore  direction 
in  another  (the  rcurse  lire). 


I 


SCAI.K .  The  extent  of  a  phenomenon,  in  linear,  areal  or  volumetric  terns. 

The  linear  scale  of  a  map  is  the  ratio  between  a  distance  on  the  rap  and  the 
correspcr.di  ng  distance  in  the  real  world,  along  e.g.  the  standard  parallels 
or  meridians. 

SCATTLF  I’Ll'".  (Scatter  diagram).  A  cartesian  plot  of  the  magnitude  of  one 
variable  against  the  magnitude  of  a  second  variable.  Kach  individual  for 
vhi  h  liu  paired  values  are  plotted  is  represented  by  a  point,  and  the 
plot  provics  a  graphic  portrayal  of  the  relation  between  the  two  variables. 

If,  within  the  resolution  of  plotting,  several  points  coincide,  further 
syriols  representing  2,1  ...  points  are  required. 

S1NV.LAT  POINT.  Any  point  on  a  surface  for  which  the  gradiort  is  momentarily 
zero:  a  summit,  pit,  or  saddle,  but  not  a  ridge,  valley  or  plain. 

SKI  NFS?.  The  third  moment  of  a  frequency  distribution,  standardised  by  the 
third  power  of  standard  deviation  to  provide  an  unbounded  dimensionless  number. 
Skewness  is  :•<  ro  for  ar.y  symmetrical  distribution,  positive  where  the  tail 
cf  high  values  outweighs  that  of  low  values,  and  negative  where  the  tail  of 
lew  values  outweighs  that  of  high  values. 

SLOP1  .  Properties  of  the  plane  tangent  to  a  point  on  a  surface.  These  can 
be  specified  bv  a  vector  in  terms  of  gradient  and  aspect. 

SLOP1'  LINT.  A  line  of  locally  greatest  rate  of  change  of  altitude,  along 
which  a  fricticr.less  ball  starting  from  rest  would  roll. 

Sl'bC'IT.  A  local  maximum,  above  all  immediately  neighbouring  altitudes,  i.e. 
surrounded  a  lower  closed  contour. 

VAINLY.  A  liriar  feature  which  is  a  local  maximum  in  one  direction,  but  not 
;r.  another,  and  not  crossing  saddles. 
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hop  1  i  ■  ih  i  1  i  ty  and  seal*'  effects  \  •  i  thin  a  I  arpe  matrix 

(  Qu  i  1 1  a  n ) 

Sol  i  ii  suits  ar.  r.ov  available  for  a  further  data  set,  kirdly  provided  by 
Robert  rr  ift.es:  .It  International  l.td.,  Vancouver,  Canada.  T!ii  s  altitude  matrix 
.is  cit  it'd  as  i  v  ?r«!uf t  of  orthophotography  for  the  Quillan  area,  in  the 
Aude  v.  l'.ey  s^utN  i;t  el  Toulouse,  France.  It  was  provided  on  magnetic  tape, 
i  .  a  s.rios  of  .'■•  x  submatr  i res .  The  photoscale  spacing  of  0.1R]h  rsr.  gave 
a  griu-d  spacing  of  •  .r'44m,  equal  in  both  directions. 

fir.ee  the  initial  subratrices  are  rather  too  small  to  provide  statistics 
!<  t  present  purposes,  they  were  reformatted  into  a  single  matrix  with  's S 2  columns 
1152  revs.  Tn.is  covered  an  area  of  2 .  x  S.235  km.  The  tine  required  to 
process  such  a  large  matrix  with  the  presort  prograr  would  be  excessive,  so 
several  parts  of  t:.<  matrix  were  analysed  separately.  This  revealed  that 
though  adjacent  suhma tr ices  are  reconciled  to  provide  first-order  continuity, 

;ec<  :  rder  continuity  is  not  present.  Steeper  gradients  occur  at  almost 

every  24  th  column,  and.  much  greater  convexity  and.  concavity  occur  every  24th 
colurr  nr,:  row.  Inspection  of  listings  of  the  altitude  data  shoved,  that  the 
extra  'inferences  in  height  involved  were  quite  small  :  the  discontinuity  effect 
is  •  id  ed.  up  in.  derivatives  because  the  vertical  and  horizontal  resolution 

of  these  data  is  so  fine. 

The  nnir  interest  of  having  such  a  large  data  sot  is  that  it  car  ho 
s amp  1 1  .  in  many  different  ways.  Firstly,  this  was  done  to  test  replicability 
f  the  proposed  statistics,  over  a  larger  data  set  than  those  discussed  in 
section.  (3c).  Sampling  every  fifth  row  and  everv  fifth  column  gives  a  matrix 
•  f  2  .  '2  r  r.osb,  •  i  th  .  or  5  rows  and  columns  from  each  of  the  original  subrn trices 
tlis  i ;  sufficient  to  rake  any  discontinuity  effect  negligible,  and  none  is 
!et‘  cf  ih’.e  i  i'  the  raps  produced. 
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Replicability  in  the  face  of  small  displacements  was  tested  by  drawing 


four  separate  samples,  each  of  every  fifth  point.  The  starting  points  (and 
hence  the  grid  incidence)  were  chosen  to  keep  the  four  samples  at  least  two 
columns  or  two  rows  apart  in  the  original  matrix  :  the  results  for  these  four 
runs  are  giver  ir  Table  14.  Four  samples  each  of  every  eighth  point  were 
drawn  similarly  (Table  15). 

Seme  characteristics  are  corr>on  to  both  Tables,  being  insens' “ive  to  the 
change  in  resolution  from  a  grid  mesh  of  22.72m  to  one  of  36.35m.  In  particular, 
the  altitude  distributions  are  indistinguishable,  with  ranges  from  250  to  630m, 
a  mean  of  352m,  standard  deviation  74m,  positive  skewness  of  1.0P,  and  positive 
kurtosis  of  °.72  to  0.77.  The  histogram  is  in  fact  bim.odal,  with  a  primary 
peak  for  the  valley  floor  and  a  smaller  one  for  a  plateau  around.  450r.  The 
disparity  in  sire  of  the  peaks,  together  with  the  general  skew  causes  V.urtosis 
to  be  positive,  masking  the  bimodality. 

Gradient  is  also  positively  skewed,  about  +0.56  in  both  cases,  but  mean 
:s  slig’tly  reduced,  from  13.7,  to  12.°  degrees  for  the  ro*i sornesh.  Standard 
deviation  is  reduced  from  R.6  tr  fl.O  degrees,  and  kurtosis  is  weakened  from 
•0.4  to  -0.3  :  this  is  a  true  reflection  of  a  broad  distribution  with  short 
tails.  Vaximun  gradient  is  reduced,  by  three  degrees,  “ear.  aspect  is  moved 
one  or  two  degrees  northward  and  the  strength  of  asymmetry  is  slightly  reduced 
for  unit  vectors,  while  the  much  lower  gradient-weighted  strength  is  unaffected. 
The  standard  deviation  of  profile  convexity  is  reduced  to  two  thirds  its 
22.72r-resh  value,  ar.d  that  of  p  1  an  convexity  is  halved.  This  confirns  the 
greater  effect  of  mesh  cn  high  derivatives.  Correlations  are  rather  stronger 
it  It.  r.  mesh  :  this  affects  the  second  and  third  strongest  (profile  convexity 
vith  altitude  and  with  plan  convexity)  riuch  more  than  the  strongest (gradi ent 
with  altitude,  increased  from  +.41  to  +.43). 

In  terns  of  replicability  over  four  distinct  grid  incidences  (i.c. 
repeated  sarpling),  the  results  from,  each  grid  mesh  are  comparable.  In  relative 
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teit.s  standard  deviation  is  usually  most  replicable,  followed  by  mean,  while 
higher  derivatives  Rive  more  variable  results,  kurtosis  being  worst.  Maximum 
and  ninimur.  vary  from  as  replicable  as  the  mean  for  altitude,  to  as  bad  as 
kurtosis  for  the  convexities. 

However,  since  seme  values  are  near-zero  and  can  be  positive  or  negative, 
it  is  better  to  view  replicability  in  terms  of  actual  values,  or  of  the 
possible  range  of  the  statistic,  rather  than  as  a  coefficient  of  variation. 

In  this  case,  the  maximum,  is  always  more  variable  than  mean  or  standard 
deviation.  All  the  altitude  and  gradient  statistics  are  highly  replicable 
(.mean  and  standard  deviation  to  within  In  or  0.05  degress  :  skewness  and 

kurtosis  within  0.05):  mean  aspect  is  replicable  within  2.4  degrees,  strength 
within  .005.  Mean  and  standard  deviation  of  profile  convexity  are  quite 
replicable  -  within  a  few  percent  or  0.6  degrees/lOOm  -  but  skewness  varies 
up  to  0.17  (30*)  and  kurtosis  up  to  1  3  (27*). 

The  main  problem  comes  with  plan  .  'nvexity.  Here  there  is  one  aberrant 
value  of  standard  deviation  for  22.72  tn  mesh,  but  variation  is  over  \0Z  also 
for  36.35  n  mesh.  Variation  in  skewness,  kurtosis  and  extrenn  is  such  as  to 
render  then  useless.  The  variations  observed  in  section  (3c)  were  thus  due  to 
extreme  values  rather  than  to  snail  sample  size.  Clearly,  it  is  essential  to 
transform,  the  measurement  scale  of  plan  convexity  so  tliat  statistics  can 
cope  with  the  extreme  values. 

Except  for  plan  convexity,  all  variations  are  worse  for  the  coarser 
matrix,  but  the  difference  is  not  drastic.  Correlations  are  quite  replicable, 
especially  that  between  altitude  and  gradient  (*.002)  which  is  by  far  the 
strongest  correlation.  Those  involving  plan  convexity  are  predictably  the 
least  stable,  especially  with  the  coarser  mesh.  In  general,  these  results 
are  reassuring  and  support  those  of  section  (3c).  The  effect  of  varying  grid 
mesh  will  next  be  investigated  more  fully. 


